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ABSTRACT OF THE DISSERTATION
Insights Into the Non-Osmoregulatory Function of a Pollen-Specific Mechanosensitive Ion
Channel
by
Kari Miller
Doctor of Philosophy in Biology and Biomedical Sciences
Plant and Microbial Biosciences
Washington University in St. Louis, 2022
Professor Elizabeth Haswell, Chair

Pollen, the male gametophyte of flowering plants, delivers the sperm cells to the ovule to
carry out sexual reproduction. During this process, the pollen grain undergoes dramatic physical
changes. Survival requires careful control of cell mechanics, particularly the balance between
protoplast expansion and cell wall resistance. One control mechanism is the use of a
mechanosensitive (MS) ion channel, MscS-Like (MSL)8. This pollen-specific protein was
previously shown to be essential for pollen survival during hydration and was proposed to
function as a tension-gated osmoregulator. However, direct proof of osmoregulation during
initial hydration has not yet been found. In fact, studies of the role in plants have suggested that
there are functions of MSL proteins beyond osmotic regulation, such as MSL10 which functions
to promote programmed cell death signaling, particularly after a hypo-osmotic shock.
In this work, mathematical modeling alongside in vitro experiments show that MSL8 is
likely not acting via osmoregulation during early hydration. Instead, we conclude that channel
function stiffens the cell wall, thus preventing overexpansion. This follows the previously
published finding that there are changes in the cell wall (callose) of pollen tubes lacking MSL8.
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However, an initial survey performed here did not identify any cell wall-related mutants with an
msl8-5-like hydration phenotype.
Moreover, attempts to understand MSL8 protein interactions hit a roadblock due to
strong induction of cell death when MSL8 is highly expressed ectopically. MSL10 – which is
known to induce programmed cell death – did not rescue the reduced viability of msl8-5 pollen
when expressed under the MSL8 promoter. This supports the idea that it is not a universal
channel or signaling function inherent to MSLs that is maintaining pollen mechanics. In fact, it is
likely the MSL8 channel function, not a separate signaling function, that is lethal to the plant.
Ectopic expression of a previously published variant of MSL8 with a “blocked” channel does not
result in strong induction of death and MSL8 with a constitutively open channel causes nearcomplete obliteration of male fertility.
In the last chapter, the structure and function of the N-terminus of MSL8 was examined.
We found that this domain of the protein, similar to other MSL proteins, is predicted to be
intrinsically disordered. Purification of the MSL8 N-terminus found that it readily phase
separates even in high salt and at low concentrations. This may allow for regulation of the
protein in the pollen grain as it transitions from desiccated (high osmolyte concentration) to
hydrated (low osmolyte concentration) conditions. Overall, these findings indicate that MSL8,
contrary to our original hypothesis, may be functioning and regulated in pollen using
mechanisms beyond tension-gated osmoregulation.
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Chapter 1: Introduction1
Mechanical forces surround each of us every day and affect nearly every aspect of our
lives, but most days we hardly consider it. Until recently, the field of plant science has been slow
to truly understand the effects of physical forces on cellular-level physiology, particularly how
plant cells sense and respond to these forces. The autonomous plant cell, pollen, uses a
mechanosensitive ion channel to sense and respond to hypoosmotic shock. The thesis presented
here explores this topic by seeking to understand the roles of a mechanosensitive ion channel in
pollen grains.

1.1 Mechanics of Plant Cell Components
In its simplest form, a plant cell can be visualized as a water balloon trapped inside a
cardboard box (Fester Kratz, 2011). The box represents the cell wall, and the water balloon
represents the protoplast. The protoplast is crowded with molecules, ions, macromolecular
structures, and organelles. As a result, water readily moves in, causing it to swell and generate
turgor pressure—the force that pushes the plasma membrane (PM) against the inner side of the
cell wall. As long as the wall is stiff enough to counteract this force, the system remains in
equilibrium. If the cell wall is too weak, then it will either stretch to accommodate the contents
of the protoplast or break open. While the balloon-in-a-box analogy neatly summarizes the
essential players in plant cell mechanics, the reality is much more complicated. Below I will
introduce the mechanical properties of the cell wall, the PM, and the protoplast, and discuss the
ways in which the dynamic and inter-connected material properties of each of these components

1
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produce and maintain the overall mechanics of the plant cell. The mechanical contributions of
the cytoskeleton are addressed in several recent reviews (Hamant et al., 2019; Xiao & Anderson,
2016) and are not discussed here.

1.1.1 The Cell Wall
Cell wall mechanics is a highly active area of study, particularly in relation to growth,
anisotropy, and development. Several recent reviews cover our current understanding in more
detail than possible here (Braybrook & Jönsson, 2016; Fruleux et al., 2019; Grones et al., 2019;
Höfte & Voxeur, 2017). Briefly, the cell wall must be able to (1) counteract the high pressure
generated by the protoplast within, yet (2) allow for cell expansion and growth. To do both, it
must be simultaneously strong and flexible. In fact, biophysical models of the cell wall have
characterized this material as “viscoelastoplastic” (Braybrook & Jönsson, 2016; Fruleux et al.,
2019), meaning that it is flexible enough to return to its original shape after a deforming force is
removed, unless the force exceeds a yield threshold. When the latter occurs, the “plastic” part of
the material description comes into play and the cell wall is permanently stretched to a new
shape (Cosgrove, 2018). The importance of tuning the yield threshold of the cell wall is
illustrated by the opening and closing of mature guard cells. The guard cell can expand and
contract repeatedly without its wall undergoing plastic deformation—at least, at relevant turgor
pressures (Rui et al., 2018).
Mechanical differences between cell types and temporal/geometric mechanical tuning
within the same cell produce the varied shapes, sizes, and growth patterns of plant cells. For an
excellent example of how dynamic changes in cell wall mechanics play out during growth, see
recent reviews on pollen tube tip-growth (Cameron & Geitmann, 2018; Cascallares et al., 2020;
Ma et al., 2021). As detailed below, the tunable viscoelastoplastic behavior of the plant cell wall
2

is achieved by a heterogeneous mix of materials that are dynamically interconnected and whose
material properties can be locally modulated by divalent cations, biosynthesis of new materials,
and enzymatic modifications (Anderson & Kieber, 2020). The primary components of the cell
wall are cellulose, hemicelluloses, pectins, and callose (Lampugnani et al., 2018).
In its crystalline state, cellulose is the strongest material in the primary cell wall and is
organized into microfibrils, which are composed of multiple straight chains of β(1→4) linked Dglucose (Polko & Kieber, 2019). Mechanically speaking, the main role of this material is to resist
tensile (stretching) forces. Noncovalent contacts between cellulose microfibrils create a network
that holds much of the stress in the wall (Zhang et al., 2021). The mechanical contribution of this
network is tuned during synthesis by the orientation of cellulose deposition (Höfte & Voxeur,
2017), rate of synthesis (Kesten et al., 2017; Polko & Kieber, 2019), crystallinity (S. Li et al.,
2014), and possibly the degree of polymerization (Z. Fang et al., 2020). While there is some
evidence for post-deposition enzymatic remodeling of the cellulose structure via plant-secreted
cellulases (Glass et al., 2015; Tsabary et al., 2003), cellulosic strength is primarily controlled
through modification of its interactions with other cell wall components, as explained below.
Unlike the conserved uniformity of cellulose, hemicelluloses are a diverse group of
polysaccharides that vary widely in type and abundance across tissues and species, and include
heteromannans, heteroxylans, xyloglucans, and mixed linkage glucans (Pauly et al., 2013;
Scheller & Ulvskov, 2010). A common structural element amongst these polymers is the
presence of a β(1→4) linked backbone, which is thought to form noncovalent interactions with
cellulose (Scheller & Ulvskov, 2010). The exact roles and interactions of hemicelluloses,
particularly xyloglucans, have been questioned in the last several years as part of an effort to
understand cell wall organization. One current hypothesis is that there are distinct areas—termed
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“biomechanical hotspots”—where the xyloglucan binds tightly to cellulose (Nili et al., 2015;
Park & Cosgrove, 2012b; Zhao et al., 2014). This idea is supported by genetic evidence; for
example, Arabidopsis plants lacking xyloglucan (xxt1 xxt2) have only mild cell wall disruption
but do exhibit defects in the organization of cellulose deposition (Anderson et al., 2010; Cavalier
et al., 2008; Park & Cosgrove, 2012a; Xiao et al., 2016). New cell walls developed by xxt1 xxt2
protoplasts showed no effect on cellulose organization, implying that xyloglucan does not play a
major role during initial wall formation (Kuki et al., 2020). The interactions between cellulose
and hemicellulose may be modulated in multiple ways. Expansin proteins, which can loosen the
cell wall and lead to cell expansion (S. McQueen-Mason et al., 1992), have been hypothesized to
alter the bonds between cellulose and hemicellulose (Ma et al., 2021; S. J. McQueen-Mason &
Cosgrove, 1995; T. Wang et al., 2013). Lastly, enzymes such as xyloglucan
endotransglucosylase/hydrolases (Miedes et al., 2013) and xylosidases (Shigeyama et al., 2016)
may further influence the mechanical contribution of hemicelluloses, though direct evidence is
largely lacking (Stratilová et al., 2020). Future work will refine our understanding of the spatial
layout of the cell wall and the role of hemicelluloses. Multidisciplinary approaches, such as
computational modeling (e.g. (Nili et al., 2015; Zhang et al., 2021)), will likely be crucial here.
Pectins comprise a large group of polysaccharides typically with homogalacturonan or
rhamnogalacturonan-based backbones that can be decorated with an impressive array of
substitutions and sidechains (Atmodjo et al., 2013; Harholt et al., 2010). Mechanically, pectins
contribute to the porosity and water content of the cell wall and resist compressive forces
(Bidhendi & Geitmann, 2016). A notable material property of pectins is their controllable and
reversible gel formation in vitro, which is the result of crosslinking of de-esterified pectin in the
presence of divalent calcium (Ca2+; see (Bidhendi & Geitmann, 2016; Peaucelle et al., 2012) for
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recent reviews). The esterification status of pectin has been found to influence overall cell shape
(Haas et al., 2020). However, it is worth noting that the ultimate effect of de-esterification on
wall mechanics is not always straightforward, as it is determined by the de-esterification
patterning and the concentration of cations. Discontinuous pectin de-esterification or low Ca2+
concentrations can result in a weakened wall (Bidhendi & Geitmann, 2016). De-esterification of
pectin may also negatively affect expansin-mediated wall loosening (X. Wang et al., 2020).
Moreover, pectin likely does not passively surround the cellulose/hemicellulose network as
previously proposed, but instead interacts with them and the other cell wall polymers (Phyo et
al., 2017; Rongpipi et al., 2019). The nature of these interactions has recently been investigated
in vivo where it was found that reduced pectin synthesis in Arabidopsis quasimodo2 mutants
negatively influences cellulose deposition and organization (Du et al., 2020). The effect of the
pectin–cellulose network on mechanics has been noted in vitro where it was shown that the
addition of a pectin hydrogel after cellulose deposition resulted in a material with higher loadbearing capabilities. A weaker material results if the pectin is present during cellulose deposition
(Lopez-Sanchez et al., 2016, 2017).
Callose is a β-1,3-glucan chain with occasional β-1,6 branches (Chen & Kim, 2009).
Commonly found in healthy somatic cells, callose is often referred to as a “leak sealant” as it is
deposited by cells after injury (Bacete et al., 2018). However, callose deposition is also
associated with a variety of other processes including pollen development, germination, and tube
growth (Ma et al., 2021), cell plate formation (Drakakaki, 2015), plasmodesma permeability
regulation (De Storme & Geelen, 2014), and pathogen response (Y. Wang et al., 2021). An in
vitro analysis of callose–cellulose hydrogels suggests that callose adds flexibility to a cell wall,
helping to avoid stress-induced fractures (Abou-Saleh et al., 2018). In pollen tubes, callose has
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been found to increase the load-bearing capability of the wall (Parre & Geitmann, 2005). Further
analysis of the mechanical contributions of callose in these settings as well as its in vivo
interactions with other cell wall polymers remains to be explored.
In summary, the mechanics of the cell wall change dynamically in time and space and in
response to developmental and stress-related cues. Dynamic control is accomplished at least in
part by fine-tuning the assembly of and the interactions between a diverse array of structural
components including cellulose, hemicellulose, pectin, and callose. Proteins such as
arabinogalactan proteins (Silva et al., 2020) are also proposed to contribute to cell wall
mechanics (Lamport et al., 2018). Secondary cell wall components also add mechanical
complexity. For example, the phenolic compound lignin increases cell wall resistance to
deformation (Özparpucu et al., 2017). Because these components do not function independently,
but strongly influence one another, it is challenging to understand the mechanical effect of a
certain material in vivo through classical genetic approaches. Moreover, cell age, cell type,
species, and exposure to abiotic/biotic stresses all affect cell wall mechanics, complicating
comparisons between studies and leaving ample room for further inquiry.

1.1.2 The Plasma Membrane
Compared to the cell wall, the PM does not contribute as directly to cell mechanics
because it is far more flexible and less resistant to forces. However, it can act as a mediator
between the inside and the outside of the cell, and as a signaling platform that senses mechanical
cues from either direction (Ackermann & Stanislas, 2020; Le Roux et al., 2019). Both fluid and
transient solid behaviors give the cellular membrane its key physical properties, including
compression, lateral tension, and curvature (Le Roux et al., 2019)—and these properties are
likely to be highly dynamic. For example, the extent to which the PM is compressed between the
6

resistant cell wall and the protoplast pressing outward changes with turgor. Osmotic swelling and
shrinking (Le Roux et al., 2019) and modifications to the cell wall (Jaillais & Ott, 2020) are also
likely to dynamically impact membrane tension, thickness, and curvature.
Proteins embedded in the PM and the presence of specialized lipids can influence the
overall mechanical properties of the cell, sometimes in a highly localized fashion (Gronnier et
al., 2018; Le Roux et al., 2019). For example, while it is often assumed that localized stretching
can quickly diffuse across the membrane because the lipids in a membrane behave like a fluid,
the degree of tension diffusion can vary due to local differences in lipid composition, membrane
curvature, or anchoring proteins (Cohen & Shi, 2020; Kozlov & Chernomordik, 2015).
Furthermore, the cell wall likely stabilizes proteins in the membrane and minimizes lipid
diffusion (Martiniere et al., 2012), perhaps through chemical interactions between extracellular
residues of membrane proteins and residues in the wall (Daněk et al., 2020; Feraru et al., 2011;
H. Li et al., 2021; McKenna et al., 2019).
The PM is physically connected both to the cell wall and to the components inside the
cell. A direct connection between the PM and cell wall is revealed by Hechtian strands, thin
strings of PM that become visible when the cell is plasmolyzed. The exact composition, effects,
and function of these attachments remain mysterious, though a recent study found that Hechtian
strand removal via laser microdissection leads to increased callose in the wall of that cell
(Yoneda et al., 2020). This result points to a potential function of PM–cell wall connections in
sensing and responding to cell wall composition. On the cytoplasmic side, the PM engages in
dynamic physical connections with the endoplasmic reticulum (ER) at locations called ER–PM
contact sites.
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The physical integrity of the PM must be tightly controlled (Pérez-Sancho et al., 2015;
Schapire et al., 2008), as a breach due to osmotic shock, freezing (Yamazaki et al., 2008), drying,
or puncture could result in losing cellular contents, exposing organelles to harmful conditions,
and a loss of turgor. For example, to protect membranes from tearing due to freezing, lipid
composition is modulated, and membrane surface area is controlled (Takahashi et al., 2016;
Yamazaki et al., 2008). Control of membrane surface area also occurs in response to changes in
turgor, with high turgor inducing exocytosis, and low turgor inducing endocytosis (Zonia &
Munnik, 2007; Zwiewka et al., 2015). Changes in turgor are also proposed to affect the
deposition of cell wall material (Proseus & Boyer, 2005), and the presence/clustering of
membrane proteins like PIN-FORMED1, an auxin efflux carrier (Nakayama et al., 2012;
Zwiewka et al., 2015), and aquaporins, which allow for water diffusion through the membrane
(Martinière et al., 2019). The relationship between mechanically influenced endo/exocytosis and
the resulting modifications in membrane volume or composition—which in turn regulate the
mechanics of the cell—is another example of the emergent properties of plant mechanobiology.
Future research should also consider how cell type-specific differences in PM properties could
affect the mechanical attributes of the PM as well as its interactions with the cell wall and
intracellular components.

1.1.3 The Vacuole
Turgor pressure is a crucial contributor to the stiffness of the overall plant (Beauzamy et
al., 2014). The turgor of a plant cell averages around 0.44 MPa (Beauzamy et al., 2015) and can
be as high as 2 MPa (Weber et al., 2015). For reference, a car tire has a hydrostatic pressure of
around 0.25 MPa! While all internal components may affect the mechanics of the cell to a degree
and at various time scales (Bashline et al., 2014), one organelle with a high degree of influence is
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the vacuole. The vacuole is the largest organelle in most plant cells and can serve a variety of
functions. It is key for turgor regulation, ion storage and homeostasis, and the degradation of
cellular components (Kaiser & Scheuring, 2020; Tan et al., 2019). There are two main types:
protein storage vacuoles, which are specialized storage for seeds, and lytic vacuoles, which are
more generally found across plant cells (Cui et al., 2019; Shimada et al., 2018). Lytic vacuoles
hold a solution of proteins, sugars, and metabolites in a compartment separate from the rest of
the cell, drawing water in and allowing the cell to control turgor without interfering with
cytoplasmic contents or cytoplasmic volume.
The relationship between turgor pressure, vacuoles, and cell expansion is complicated. It
is thought that wall loosening is followed by water uptake, resulting in an increase in vacuolar
volume during cell growth. Recent evidence suggests that increasing vacuolar volume serves to
restrict cytoplasmic volume in an already expanding cell, not to drive that expansion as
previously thought (for more details, see (Cui et al., 2020; Dünser & Kleine-Vehn, 2015; Kaiser
& Scheuring, 2020)). The mechanisms by which vacuole expansion and remodeling are
integrated with cell wall loosening and stress relaxation during growth are still being studied
(Dünser et al., 2019). In guard cells, vacuole expansion and stomata opening require an inward
pumping of solutes followed by water entry (Eisenach & De Angeli, 2017). During development,
extra vacuolar membrane may be derived from the ER (Viotti et al., 2013) or via fusion between
smaller vacuoles (Cui et al., 2019).
While inhibition of vacuole expansion has been shown to correlate with a reduction in
cell expansion (Kaiser et al., 2019), a dramatically expanded vacuole is not strictly required for
cell growth. Tubulated or fragmented vacuoles are seen across many cell types, including
actively dividing cells, growing root cells, guard cells, and tip-growing cells like pollen tubes
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and root hairs (Cui et al., 2020). How vacuolar tubulation or fragmentation affects the overall
mechanical properties of a plant cell is not yet clear, though there is a close association between
vacuolar dynamics and guard cell closing (Gao et al., 2005). Future studies should take a closer
look at vacuole morphology, what controls it, and how it affects cellular mechanics in both
growing and nongrowing cells. As vacuole morphology changes reversibly along with stomatal
opening and closing, guard cells may be a good model system for asking these questions in the
future (Tanaka et al., 2007; J. Zheng et al., 2014).

1.2 Plant Cell Mechanostasis
To maintain mechanical balance – or “mechanostasis” – in a cell, it is necessary that the
system be able to sense and respond to changes in mechanical forces (Codjoe et al., 2022). The
source of these mechanical forces can be abiotic, such as gravity or osmotic shock, or they can
be biotic, such a physical or enzymatic damage from a predator or pathogen. The forces can also
be randomly occurring in the environment or as a natural part of development. As stated above,
most of plant cell mechanics boils down to the balance between pressure from the inner
protoplast and resistance from the outer cell wall. By utilizing a mechanosensor, a cell can sense
if there is a change in either of these components, which then allows for a proper compensatory
response so cellular integrity is not lost. On the cellular level, sensors can be indirect meaning
they perceive the downstream effects of mechanical forces, or they can be direct which means
the sensor has a conformational change in response to the force (Hamant & Haswell, 2017). For
example, receptor-like kinases (RLK) play a role in indirectly detecting cell wall integrity. Many
of these RLKs bind components of the cell wall which allows for sensing of changes in integrity
and elicit a variety of signaling responses, including ROS or hormone production and calcium
transients (Engelsdorf & Hamann, 2014). These signals then result in a complex cascade of
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responses that may result in changes in morphogenesis (Wolf et al., 2012), an immune response
(Nuhse, 2012), or other effects. Meanwhile, the most well-studied direct mechanosensors are
mechanosensitive ion channels (discussed below).
1.2.1

Mechanosensitive Ion Channels
As described in section 1.1.2, the plasma membrane is a crucial platform for

mechanosensing as it acts as the mediator between the inside and the outside of the cell. This is
where many mechanosensitive (MS) ion channels are found (note that some MS channels are
located in organellar membranes – likely residual from bacterial endosymbiosis). MS channels,
sometimes called stretch-activated, perceive changes in membrane tension and, in response, open
to allow for ion flow (Figure 1.2.1). MS channels are found in all domains of life and can be
cation/anion selective or non-selective. In plants, known MS channel families include reduced
hyperosmolality-induced calcium increase channels (OSCA) (Murthy et al., 2018), Two-pore K+
(TPK) (Frachisse et al., 2020), PIEZO (Radin et al., 2021; Z. Zhang et al., 2019), Mid1Complementing Activity (MCA) (Yoshimura et al., 2021), and MscS-Like (MSL), which is our
focus here. MS channels in plants play a variety of roles, but primarily they allow for
maintenance of mechanostasis in the face of biotic and abiotic stresses. This could include
survival of hypoosmotic (Hamilton et al., 2015; Veley et al., 2012) or hyperosmotic conditions
(Cao et al., 2020) and pathogen attack (Basu et al., 2022; Thor et al., 2020; Z. Zhang et al.,
2019).
How does the activity of an MS channel produce these responses? Recently, our
understanding of the mechanism of MS channels in plants has been expanding. Traditionally,
MS channels are defined as “osmotic safety valves” (Booth & Blount, 2012; Kung et al., 2010;
Martinac et al., 2020). Essentially, the opening and release of ions out of the cell reduces the
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osmotic potential allowing for volume regulation and lysis prevention, a well-documented
phenomenon in bacteria (Boer et al., 2011; Buda et al., 2016; Levina et al., 1999). However,
besides osmoregulation, other effects of MS channel opening include expansion of the
membrane surface area (Phillips et al., 2009), direct calcium transients (Nakagawa et al., 2007;
Stephan et al., 2016), indirect calcium transients (i.e. activation of a calcium channel via
membrane depolarization) (Frachisse et al., 2020), and cell wall strengthening such as through
the promotion of lignification (Denness et al., 2011; Engelsdorf et al., 2018). Non-conducting
functions dependent on protein-protein interactions may also exist, such as for MSL10 which
seems to have a signaling function through its soluble N-terminus (Veley et al., 2014). Below I
will focus on our current knowledge of the biological functions of MSL channels in the model
species, Arabidopsis thaliana.
A.
outside
Lateral
membrane
tension

membrane
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Figure 1.2.1: Simple diagram of MS channel function. (A) MS channel sitting in a membrane only opens when
the lateral membrane tension reaches a certain threshold. Once open, ions move through the channel down their
electrochemical gradient. (B) Example of hypothesized MS channel functioning via osmoregulation in a pollen
grain. Channel opening during hypoosmotic shock releases ions which reduces osmotic potential, thus slowing water
entry and controlling cell expansion.
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1.2.2 MscS-Like Channels
As mentioned above, MscS-Like (MSL) proteins are a class of MS channels found in
plants, as well as archaea, bacteria, fungi, and algae (Basu & Haswell, 2020). These channels
share homology with E. coli MscS, which is one of the most well-studied MS channels. While
MscS has a thoroughly confirmed function as an “osmotic safety valve” in E. coli, it is coming to
light that MSLs have been adapted to perform a variety of roles in plants. There are ten
Arabidopsis MSL proteins which are expressed across tissues, localized to different cellular
membranes, and contribute to maintaining mechanostasis in various ways.
MscS homologs in Class I have the most similarity to MscS and are found to localize to
organellar membranes (Wilson et al., 2013). For Arabidopsis MSL proteins, MSL1 (localized to
mitochondrial membrane) and MSL2 and MSL3 (both localized to plastid membrane) are
considered Class I. MSL1 functions to reduce oxidative stress in the mitochondria when the cell
is under abiotic stress (C. P. Lee et al., 2016). MSL2 and MSL3 function in maintaining plastid
size and shape (Haswell & Meyerowitz, 2006) and plastid division ring placement (Wilson et al.,
2011). Although there are not direct physical interactions between MSL1 and MSL2 or MSL3,
there are genetic interactions suggestive of communication between organelles (J. S. Lee et al.,
2019)
Meanwhile, MSL4-10 are all in Class II, meaning they localize (or are predicted to
localize) to the plasma membrane (Wilson et al., 2013). The most highly characterized of these
are MSL10 and MSL8. MSL10 is expressed in root tips and throughout the vasculature (Haswell
et al., 2008). The function and regulation has been a bit of a mystery as MSL10 appears to have
not only ion channel functionality (Maksaev et al., 2018; Maksaev & Haswell, 2012), but also
contributes to programmed cell death signaling (Basu et al., 2020; Basu & Haswell, 2020; Veley
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et al., 2014). Currently, the hypothesis is that when MSL10 senses increased membrane tension,
the channel opens which results in a conformational change in the C-terminus. This change is
transduced to the N-terminus which results in dephosphorylation and triggers the cell death
signaling cascade (Basu et al., 2020). Downstream signaling could also be occurring due to
activation of a voltage-gated Ca2+ channel through membrane depolarization by MSL10 channel
function (Basu & Haswell, 2020). Interestingly, an inability to crystallize the N-terminal domain
of MSL10, has recently led to the finding that it is intrinsically disordered (Flynn et al., in prep).
MSL10’s close relative, MSL9, is also expressed in the root tip, but a biologically relevant
function of this protein has not yet been determined. MSL8 is expressed specifically in tricellular
and mature pollen (Hamilton et al., 2015) where it has been shown to be crucial for maintaining
pollen viability during hydration (discussed more below).
The topology of the ten MSL channels in Arabidopsis thaliana varies with only the
MscS-like channel lining domain being greatly conserved (Wilson et al., 2013). However, in
general (including MSL8 and MSL10), there are six transmembrane domains and three soluble
domains: the C-terminus, a section between the 4th and 5th transmembrane domain, and the Nterminus. With the exception of MSL10 (see above), the function of these soluble domains for
MSLs remains mostly unknown.

1.3 Pollen Development and Mechanical Challenges
Nearly 80% of all plant species are angiosperms, which utilize flowers during sexual
reproduction to produce a new generation of genetically distinct offspring (Zimmermann et al.,
2019). The male gametophyte, pollen, is required during this process to deliver the sperm cells to
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the ovule and complete double fertilization. Due to its crucial importance in plant reproduction
and unique life cycle and structure, the pollen grain provides insights into both plant physiology
and (essentially) single cell mechanics.

1.3.1 Dynamic pollen life cycle requires unique cell properties
Pollen is an autonomous unit consisting of the main vegetative cell containing two sperm
cells, which are the haploid male gamete that fuse with the egg or the central cell to complete
double fertilization (J. Zhang et al., 2017). A single grain progresses through a series of
mechanical challenges during its lifetime, which is illustrated in Figure 1.4.1. In Arabidopsis
thaliana, the pollen initially develops in the anther, the pollen-containing part of the stamen. It
then undergoes a process of desiccation, with the water content often reaching 15-35% of the
fresh weight (Nepi et al., 2001). Upon drying, the anther tissue opens to release the pollen into
the environment. Dry pollen travels via air or pollinators to reach the stigma, the receptive part of
the female reproductive organ. Once here, the female tissue rehydrates the pollen. The now
metabolically active pollen extends a tube structure that passes through the stigmatic tissue and
grows down into the ovary to reach an ovule, which contains the egg cell and central cell.
Finally, the end of the tube bursts and releases the sperm cells in the proper location to allow for
double fertilization. The entire process of sperm cell delivery requires careful control of pollen
mechanics to prevent premature cell lysing while also controlling water content, metabolic
activity, and maintaining growth. While the process of pollen tube growth has been extensively
studied, pollen hydration and tube initiation are not as well understood (Johnson et al., 2019; Y.
Zheng et al., 2018). Throughout this process, a balance between cell wall strength and protoplast
expansion is critical for maintaining cellular integrity while allowing for controlled expansion
and growth. Although the pollen grain consists of multiple cells (the two sperm cells and the
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vegetative cell), the primary structure of an inner protoplast with an outer cell wall makes it
(essentially) a single cell.

Figure 1.3.1. Diagram of the pollen grain life cycle. Simplified schematic of pollen grain development,
transport, and fertilization (top). Illustration of the pollen grain size throughout this process (bottom).

The pollen grain is covered with a two-layer, protective cell wall (Shi et al., 2015). The
outer layer is a tough, sporopollenin-based “exine” and the inner layer is a softer, cellulose and
pectin-based “intine” (Matamoro-Vidal et al., 2016). There are regions where exine is not
deposited, known as apertures, which expose the intine to the external environment. These
apertures are highly organized with consistent patterning across all pollen of a given species
(Furness & Rudall, 2004). Many angiosperms, including A. thaliana, have 3 equally spaced,
elongated apertures, but the shape (pore vs. elongated) and number vary greatly between species.
The actual function of apertures remains mostly speculative. One hypothesized role is to act as a
weakened point in the cell wall for tube formation, but it was found that tube formation will
occur closest to the point of contact with the female, regardless of aperture location (Edlund et
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al., 2016). Furthermore, INAPERTURE POLLEN1 A. thaliana mutants (inp1-1), which
completely lack apertures, can germinate in vivo more efficiently than mutants with four or more
apertures (Albert et al., 2018). Instead, it is more likely that (at least in A. thaliana) apertures
play a mechanical role during desiccation and hydration. A. thaliana pollen with more than three
apertures had higher rates of bursting (Prieu et al., 2016). Moreover, theoretical studies of
aperture folding support the idea that the apertures serve a mechanical function by folding to
facilitate the process of condensing the cell during desiccation (Katifori et al., 2010).
Underneath the intine wall of the pollen grain is the plasma membrane (PM) which
undergoes dramatic changes during desiccation. The PM usually maintains contact with the cell
wall, but drying raises the likelihood of the membrane pulling from the cell wall, stiffening, and
tearing (Neeragunda Shivaraj et al., 2018). The pollen cell wall folding via apertures may help to
minimize this risk. Little is known about the pollen PM structure when it is in the desiccated
stage. Early papers using transmission electron microscopy and Fluorescein Diacetate (FDA)
staining suggest that the membrane is not actually intact, but instead forms micelles upon
desiccation (Elleman & Dickinson, 1986; Heslop-Harrison, 1979; Shivanna & Heslop-Harrison,
1981). While other studies using freeze-fracture electron microscopy suggest there is an intact
membrane around the outside of the pollen protoplast during early hydration (Kerhoas et al.,
1987; Platt-Aloia et al., 1986, p.). More recent papers examining desiccated resurrection plants
note that the “water replacement theory” (i.e. sugar replaces the water) likely help the membrane
maintain its proper intact form to reduce membrane leakage upon hydration (Hoekstra et al.,
2001). Some studies have examined the lipid and carbohydrate composition of pollen, but the
physical structure of the desiccated membrane remains mostly unknown (Ischebeck, 2016). As
mentioned in the previous section, the PM is an important mediator between the inside and the

17

outside of the cell, particularly as a platform for sensing mechanical cues (Ackermann &
Stanislas, 2020; Le Roux et al., 2019). Understanding how this desiccated state affects
mechanical sensors associated with the pollen PM is an interesting area of work because pollen
undergoes dramatic mechanical changes as it transitions from desiccated to hydrated, which
likely needs to be sensed and regulated. One such PM-associated mechanosensor in pollen is
MscS-Like (MSL)8.

1.3.2 Function and Regulation of an MS channel in pollen
Over the last decade, we have begun to unravel the role of MSL8, an essentially nonselective (slight anion preference) mechanosensitive ion channel expressed in mature pollen
grains and tubes (Hamilton et al., 2015). Importantly, without MSL8 protein, or with MSL8 that
lacks channel function, there is decreased pollen viability after hydration and reduced male
fertility (Hamilton et al., 2015; Hamilton & Haswell, 2017). MSL8 also plays a role during
germination, as pollen lacking MSL8 germinate at a higher rate and overexpression of MSL8
suppresses germination (Hamilton et al., 2015). These data support a model where MSL8 acts as
an “osmotic safety valve” meaning it functions via osmoregulation to slow water entry, stop
expansion, and preserve cell integrity. Similar to msl8 mutants, pollen lacking the pollen-specific
Qc-SNARE protein, SYP72, also show decreased viability after hydration but even more severe
than msl8 pollen (Zhou et al., 2022). While syp72 mutants do have different phenotypes from
msl8 (reduced germination rates rather than enhanced) suggesting some differing roles, SYP72
was found to be required for proper PM localization of MSL8, which further supports the
importance of MSL8 during pollen hydration (Zhou et al., 2022).
More recently, MSL8 was implicated in non-osmoregulation pathways. Wang et al., 2022
found that many pollen lacking MSL8 that burst during hydration/germination were still able to
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grow a tube, thus indicating recovery after explosion. This recovery was not commonly seen in
the WT. Moreover, msl8 pollen had abnormally thick and uneven callose deposition at the site of
germination and pollen overexpressing MSL8 (which has low germination rates) shows a thick
inner ring of callose after exposure to germination media (Wang et al., 2022). This same study
also identified genetic interactions between MSL8 and MARIS and ANXUR1/2, both of which are
known to be part of the cell wall integrity (CWI) pathway during pollen germination and tube
growth (Wang et al., 2022). The exact integrator between MSL8 and the CWI pathway remains a
mystery, but it is clear that MSL8 function does impact the cell wall composition, particularly
during germination. These findings are pointing us to ask questions about the ramifications of
MSL8 function – ion channel related or not – on the cellular level.

1.4 Objectives and Significance of the Thesis
This thesis work set out to test hypothesized and unconventional functions of the pollenspecific MS channel, MSL8. Specifically, the three sections of this thesis are:
i.

Test the hypothesized osmoregulatory function of MSL8 during pollen hydration.

ii.

Characterize MSL8-induced cell death.

iii.

Gain insights into the structure of the MSL8 N-terminus.
The present study seeks to understand MS channel function in pollen grains which will

benefit the scientific field in a multitude of ways. Unlike other land plant cell types, pollen is a
single, autonomous unit which makes it a great model for understanding single-cell mechanics
without the influence of neighboring cells. It is also important to note that many of the processes
that pollen undergoes affect other plant cell types. For example, root hair growth is like the tip-

19

growth of the pollen tube, seeds and resurrection plants desiccate, and guard cells swell to
produce a large amount of turgor pressure/shape change. Thus, an understanding of
mechanosensors in pollen will likely later support experiments in and understanding of similar
systems. Additionally, a more complete understanding of pollen physiology will aid our
advancements of plant fertility, particularly for crops that rely heavily on pollination for high
yield, such as fruits. Lastly, use of mathematical and computational modeling help further
approaches in plant science.

20

Chapter 2: In vitro experiments and kinetic models of
pollen hydration mechanics show that MSL8 is not a
simple tension-gated osmoregulator2
2.1 Abstract
Pollen, a neighbor-less cell containing the male gametes, undergoes mechanical
challenges during plant sexual reproduction, including desiccation and rehydration. It was
previously shown that the pollen-specific mechanosensitive ion channel MscS-like (MSL)8 is
essential for pollen survival during hydration and proposed that it functions as a tension-gated
osmoregulator. Here, we test this hypothesis with a combination of mathematical modeling and
laboratory experiments. Time-lapse imaging revealed that wild-type pollen grains swell, and then
they stabilize in volume rapidly during hydration. msl8 mutant pollen grains, however, continue
to expand and eventually burst. We found that a mathematical model, wherein MSL8 acts as a
simple-tension-gated osmoregulator, does not replicate this behavior. A better fit was obtained
from variations of the model, wherein MSL8 inactivates independent of its membrane tension
gating threshold or MSL8 strengthens the cell wall without osmotic regulation. Experimental and
computational testing of several perturbations, including hydration in an osmolyte-rich solution,
hyper-desiccation of the grains, and MSL8-YFP overexpression, indicated that the cell wall
strengthening model best simulated experimental responses. Finally, the expression of a
nonconducting MSL8 variant did not complement the msl8 overexpansion phenotype. These data
indicate that contrary to our hypothesis and to the current understanding of MS ion channel
function in bacteria, MSL8 does not act as a simple membrane tension-gated osmoregulator.

2

This chapter has been adapted from Miller et al., 2022.
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Instead, they support a model wherein ion flux through MSL8 is required to alter pollen cell wall
properties. These results demonstrate the utility of pollen as a cellular scale model system and
illustrate how mathematical models can correct intuitive hypotheses.

2.2 Introduction
Plant cells are unique mechanical systems. They have a strong, yet flexible, outer wall
containing a soft, but turgid, protoplast and are often physically connected to their neighbors
(Sampathkumar, 2020). Their turgor pressure must be controlled during growth, development,
and osmotic changes to maintain cell and tissue integrity and to mediate cell and tissue
movements (Braidwood et al., 2014; Mano & Hasebe, 2021). Although our understanding of
plant cell mechanics has contributed to mechanical models of plant tissue development (Smithers
et al., 2019), wall-to-wall adhesion adds external forces and responses that complicate the
mechanical characterization of any one cell (Codjoe et al., 2022). Here, we employ pollen grains
as a neighbor-less model system for the biomechanical characterization of plant cells.
Pollen grains, which are the male gametophyte, undergo drastic mechanical changes
throughout their normal development. After meiosis and one or two rounds of mitosis, each grain
desiccates within the anther to slow metabolism and protect itself from environmental conditions
(Pacini & Dolferus, 2019). Pollen from some species, including the model flowering plant
Arabidopsis thaliana, eventually contain less than 30% water (Pacini & Dolferus, 2019). Dry
grains are then released from the anther to travel on pollinators or by air to reach the stigma, the
receptive part of the flower. Once a compatible association is formed, pollen grains rehydrate in
about 10 min, using moisture from the female tissue (Rozier et al., 2020). The now metabolically
active pollen extends a tube that passes through stigmatic tissue to reach an ovule. Finally, the
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tube tip bursts and releases the sperm cells for fertilization. The entire process of delivery to the
egg requires careful control of pollen cell mechanics to prevent premature lysing while also
maintaining rapid growth (Y. Zheng et al., 2018). A deeper understanding of the mechanics of
this process is relevant to agriculture, ecology, and climate change, as all angiosperms require
pollen to reproduce and pollen grains are sensitive to high temperature (Pacini & Dolferus,
2019).
Both mechanical and signaling components are known to contribute to pollen hydration.
The pollen grain cell wall is mostly covered by a tough and water-insoluble outer layer called the
exine. Areas of the wall lacking the exine, called apertures, allow for folding and unfolding of
the cell wall and can provide a route for pollen tube emergence and water entry (R. Wang &
Dobritsa, 2018). The exine is covered in a lipid and protein-based layer called the pollen coat,
components of which are essential for establishing a productive interaction with the stigma prior
to hydration (Moon & Jung, 2020). Pectin in the cell wall may also contribute to pollen hydration
dynamics (Fan et al., 2020; Leroux et al., 2015; Vieira & Feijó, 2016). In the plasma membrane,
aquaporins are important for water transport during in vivo hydration (Windari et al., 2021), and
the mechanosensitive (MS) ion channel MscS-like (MSL)8 plays a key role in maintaining
pollen grain integrity during hydration and germination (Hamilton et al., 2015; Hamilton &
Haswell, 2017; Wang et al., 2022). Several signaling proteins, such as those related to the
SnRK1 complex, are required for pollen hydration on the stigma (Moon & Jung, 2020).
MS channels are known to contribute to cell survival and/or volume regulation during
hypoosmotic shock in all kingdoms of life (Codjoe et al., 2022; Cox et al., 2018; Kloda &
Martinac, 2001; Poole, 2022). This function has been explored in E. coli where MS channels of
small (MscS) and large (MscL) conductance open in response to elevated membrane tension

23

(Martinac et al., 1987; S. Sukharev, 2002; S. I. Sukharev et al., 1994). MscS and MscL are
required for E. coli to survive and recover from hypoosmotic shock (Bialecka-Fornal et al., 2014;
Boer et al., 2011; Chure et al., 2018; Levina et al., 1999; van den Berg et al., 2016), supporting a
hypothesis wherein mechanosensitive channels serve as “osmotic safety valves” (Booth &
Blount, 2012; Kung et al., 2010; Martinac et al., 2020). According to this theory, the increase in
plasma membrane tension caused by cell swelling opens MscS and MscL channels, leading to
the release of osmolytes, reducing turgor pressure, and preventing cellular lysis. In support of
this idea, mathematical models of hypoosmotic shock require MscS and MscL channel activity to
accurately simulate the observed volume changes of E. coli cells (Buda et al., 2016).
We have previously proposed that MSL8 performs a similar function in pollen (Hamilton
et al., 2015; Hamilton & Haswell, 2017). MSL8 localizes to the plasma membrane, and pollen
lacking MSL8 shows a dramatically decreased viability compared with wild type (WT) after 2 h
of in vitro hydration in water (Hamilton et al., 2015). Moreover, when pore-blocking point
mutations are introduced into MSL8, or it is not properly localized to the plasma membrane,
pollen grains no longer maintain viability during in vitro hydration (Hamilton & Haswell, 2017;
Zhou et al., 2022). Although these observations support the idea that, like bacterial MS ion
channels, MSL8 acts as an osmotic safety valve, direct evidence of ion flux through MSL8
during the early stages of hydration is lacking. Given the complex genetic interactions between
MSL8 and the cell wall integrity signaling pathway (Wang et al., 2022), it is possible that MSL8
contributes to cellular integrity during hydration through signaling rather than through ion flux,
or that ion flux through MSL8 has functions other than osmoregulation. Here, we combined
experiments and mathematical modeling to test the osmotic safety valve hypothesis for MSL8
function in pollen hydration.
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2.3 Materials and Methods
Plant Materials: Arabidopsis thaliana plants of the Columbia-0 ecotype were used in all
experiments. The msl8-5, msl8-8, msl7-1msl8-6 and msl7-1msl8-7 mutant lines were previously
generated via CRISPR–Cas9 gene editing in WT or the msl7-1 T-DNA mutant backgrounds by
Wang et al., 2021. Seed was surface-sterilized using vapor-phase chlorine (100 mL NaClO + 4
mL HCl) for six hours before being placed on Petri dishes containing 1/2X Murashige and Skoog
(MS) medium, 0.8% agar, pH 5.7. For transgene selection, phosphinothricin was added to the
MS media. The plates were incubated for two days at 4°C then transferred to a 24-hour light
chamber with 120 m−2 s−1 photons at 21°C and 50% relative humidity for 5-6 days. Seedlings
were then transferred to soil and grown under 150 m−2 s−1 photons light intensity in a 16/8-hour
light/dark chamber at 21°C.
Accession Numbers: The accession numbers for the genes studied here are MSL8 (At2g17010)
and MSL7 (At2g17000).
Constructs and Plant Transformation: To create pollen-specific MSL8-YFP overexpression
lines, an existing construct, LAT52pro:MSL8-YFP (Hamilton et al., 2015), was introduced into
Col-0 plants using Agrobacterium tumefaciens GV3101 strain-mediated transformation via floral
dip. Confirmation of expression was determined through fluorescence imaging of pollen grains
(488 nm excitation, 500-540 nm range detected) (Figure 2.6.5).
To create lines expressing MSL8 and MSL8F720L at endogenous levels, MSL8pro:MSL8GFP or MSL8pro:MSL8F720L-GFP (Hamilton & Haswell, 2017) were introduced into msl8-5
plants using Agrobacterium tumefaciens GV3101 strain-mediated transformation via floral dip.
Transformants were selected for using phosphinothricin.
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Expression Confirmation via Immunoblot: Due to low expression from the MSL8 native
promoter, immunoblotting was used to confirm the presence of full-length MSL8-GFP protein.
For plants expressing GFP under the MSL8 promoter, we isolated pollen via centrifugation of
~60-80 flowers in 1 mL of water. The flowers and water were removed before exposing the
pollen pellet to two freeze-thaw cycles in liquid nitrogen. The pollen was then resuspended in 90
µL of 2X sample buffer (0.1 M Tris-HCl, 4% SDS, 20% Glycerol, 0.2% bromophenol blue, and
2% β-mercaptoethanol). 20 µL of each sample was loaded and the proteins were resolved using
10% SDS-PAGE resolving gel followed by transfer to a polyvinylidene difluoride membrane at
100 mA for 12 h. After blocking in 5% milk TBS-T, membranes were incubated in anti-GFP
(1:5000 dilution) antibodies followed by a 2 h incubation in secondary goat anti-mouse-HRP
(1:10,000 dilution). Detection was performed using the SuperSignal West Femto Detection Kit
for anti-GFP. Afterwards, the blot was stripped and re-probed using the same protocol with antitubulin (1:20,000 dilution) antibodies. SuperSignal West Dura Detection Kit was used to detect
anti-tubulin.
Pollen Hydration Imaging: Both time lapse and fluorescence imaging were performed on an
Olympus FV3000 confocal laser scanning microscope. For time lapse imaging, dry pollen was
placed onto a glass bottom microwell dish by gently tapping 5-8 freshly opened flowers onto the
glass. In some experiments, dishes were immediately used for imaging while in others, the dishes
were placed into a vacuum chamber for a 12 h desiccation treatment or incubated on the
benchtop for ambient treatment. Once on the microscope, pollen grains were imaged using a 20X
objective. Recording began before water was added, and images were taken every 0.55 seconds
over the course of hydration with either deionized water or 20% (w/v) PEG 3350.
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Model Parameter Calculations and Fitting Procedures: As mentioned above, parameter values
were obtained from the literature where possible. We took several points into account when
calculating a cell wall stiffness value. Reported values for the Young’s modulus of pollen cell
walls vary by several orders of magnitude (20-400 MPa for pollen tubes (Nezhad et al., 2013;
Shamsudhin et al., 2016; Vogler et al., 2013), 0.17 MPa for pollen grain intine (Edlund et al.,
2016), and 11.9-16000 MPa for exine/sporopollenin (Edlund et al., 2016; Qu & Meredith,
2018)), probably due to different measurement and analysis techniques (Bidhendi & Geitmann,
2019). Due to the heterogeneity of the pollen grain wall, the stiffness averaged over the entire
Arabidopsis grain is likely to be lower than those reported for exine/sporopollenin. Thus, we
chose a value from the upper range of what is reported for pollen tubes (350 MPa), and a wall
thickness representative of the intine, to calculate cell wall stiffness (Table 1). The Basic model
is insensitive to cell wall modulus values between 5-5000 MPa (Figure 2.6.2A).
All model code was run in MATLAB Version 9.4 (R2018a). To fit c0, the value was
solved for from the steady state equation:

For the basic and inactivation models, the initial radius (radius = ∛(3×Volume/4π)) and
inflection point radius taken from the msl8-5 data was used to account for loss of osmolytes due
to channel function in the WT. For the Cell Wall Strengthening model, the initial and final radius
taken from the WT data was used.
After determining the c0 value, the Lp value was fitted to the data by solving:
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The initial dr/dt was determined from the relevant data set by averaging the change in
radius every two seconds over the first twenty seconds, then taking the exponential fit (msl8-5
initial dr/dt = 0.38; WT initial dr/dt = 0.45). For other parameter values fitted to the data (see
Table 1), goodnessOfFit() with Mean Squared Error cost function was used for iterative
searching of the minimized error.
Quantification and Statistical Analysis: Image analysis for pollen hydration was done using
thresholding followed by particle analysis in FIJI (Schindelin et al., 2012). Only pollen grains
that were not touching other grains/debris and did not visibly lyse were included in the analysis.
Three biological replicates (N=10 each; total N=30) were used in every experiment. Statistical
tests and graphing were performed using GraphPad Prism Version 9.1 for Windows. Significant
differences were determined assuming significance at p ≤ 0.05. The specific statistical test used
in each experiment are in the figure legends. Figures were arranged using Adobe Illustrator
Version 27.0.3 for Windows.

2.4 Results
2.4.1 In vitro hydrating pollen grains lacking MSL8 continue to expand for
minutes, whereas WT grains stabilize within 30 s
To better understand the mechanics of pollen hydration and test our hypothesis that
MSL8 is a tension-gated osmoregulator, we developed an assay to quantify pollen size changes
during the initial stages of hydration. Fresh pollen was placed onto a glass bottom dish for
imaging, and a recording sequence was started directly before a drop of deionized (DI) water was
applied. Most pollen grains stuck to the bottom of the dish, allowing for consistent imaging
(Figure 2.4.1A). By the end of hydration, WT pollen expanded ∼6.5 μm in width but shrank
∼1.5 μm in length (Figure 2.4.1B). Any pollen that visibly burst was excluded from the analysis.
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Figure 2.4.1: In vitro hydrating msl8 mutant pollen grains continue to expand, while WT grains stabilize
within 28 s. (A) Image of Arabidopsis thaliana pollen before and after addition of DI water. Scale bars, 50 μm. (B)
Length and width both before and after in vitro hydration of WT pollen (n = 100 grains per treatment). Boxes are 1st
quartile, median, and 3rd quartile, while whiskers are minimum and maximum values. (C) Relative pollen grain
volume over time (n = 100 grains per genotype). Volume calculated assuming an ellipsoid shape and each pollen
grain is normalized to itself. Bars are 95% confidence intervals (CI). (D) Comparison of the relative volume after the
initial rapid hydration (the 28 s time point) and at the end of the assay (165 s). These time points are indicated with
arrows in (C). The Mann-Whitney test was used to compare msl8-5 with itself (p < 0.005) and WT with itself (p =
0.70).

We took measurements every ∼0.5 s over the course of 165 s and used these dimensions
to estimate the volume of an approximated 3-dimensional ellipsoid shape lying on the substrate.
We then calculated the relative volume change: (initial volume − current volume)/initial volume.
This value allowed us to normalize against variation in the initial desiccated grain size between
WT and msl8 mutant pollen (Figures 2.6.1A–D). WT pollen grains rapidly expanded, and after
about 28 s of exposure to DI water, stabilized with a final volume increase of ∼60% that did not
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significantly change after 165 s of exposure (Figures 2.4.1C, 2.4.1D, and 2.6.1E). We repeated
this assay with pollen from an msl8 null mutant, msl8-5, that was previously created via
CRISPR–Cas9 gene editing (Wang et al., 2022). As expected, (Hamilton et al., 2015; Wang et
al., 2022) msl8 mutant pollen had a higher number of bursting events than the WT (12% versus
1.5%; Figure 2.6.1F). Although msl8 pollen grains that remained intact for the duration of the
assay initially swelled with the same kinetics as WT pollen, they continued to expand in both
length and width throughout the time course, achieving an extra 12% expansion after initial rapid
hydration (Figures 2.4.1C, 2.4.1D, and 2.6.1G). We observed this same phenotype in another
msl8 mutant line (msl8-8) and two msl7-1 msl8 mutant lines (msl7-1 msl8-6 and msl7-1 msl8-7)
(Wang et al., 2022) (Figure 2.6.1H). MSL7 is closely related to MSL8 but is expressed only in
pollen tubes and stigma cells, and there is no known phenotype for msl7-1 mutants (Wang et al.,
2022). These results suggested that MSL8 is required to control the buildup of turgor in response
to hypoosmotic swelling, which follows our hypothesis that MSL8 acts as an osmotic safety
valve.

2.4.2 A simple kinetic model of pollen hypoosmotic swelling fails to reproduce
experimental observations
To simulate the experimental data and test our assumptions about the system, we
developed an ordinary differential equation that describes pollen grain expansion. This model
incorporated several key properties of pollen, including an osmolyte-rich protoplast, a resilient
cell wall, and MSL8 channel function. We approximated the pollen grain as a sphere and
modeled the outside of the pollen grain as a single unit, with cell wall stiffness resisting internal
turgor pressure. The parameter values used are shown in Table 2.4.1 and further explained in the
Methods. The membrane stiffness was used for calculating membrane tension, but its
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contribution to cell stiffness was considered negligible. We assumed that the plasma membrane
does not renew (see discussion). Most parameter values were estimated using existing
measurements in the literature (Chure et al., 2018; Hamilton et al., 2015; Nezhad et al., 2013;
Schiller et al., 1988; S. Sukharev, 2002; Suzuki et al., 2008; Wolfe & Steponkus, 1983), but
those that were unavailable were fitted to the data.
Table 2.4.1: Parameters used in pollen hydration models.

Each time step of the simulation began by calculating the membrane tension (σ) based on
the stiffness of the membrane and the size of the pollen grain at that point in time:
(2.4.1)
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where Km is the membrane stiffness, r is the radius, and r0 is the initial radius. Our initial model
assumed that when membrane tension reaches the opening tension (σopen) threshold of MSL8, the
channel will begin to release osmolytes. When the membrane tension drops back below the
threshold, osmolyte release stops. The rate of change in osmolyte concentration is
(2.4.2)

where c0 is the total number of osmolyte molecules divided by the initial volume and kflux is the
rate of ion flux through MSL8. Finally, we calculated the current osmolyte concentration (c):

(2.4.3)

Then, we determined the change in radius (r) as water follows the osmotic gradient and
enters the pollen grain:

(2.4.4)

where Lp is the water permeability, K is the stiffness of the cell wall, cext is the external osmolyte
concentration, R is the Boltzmann constant, and T is temperature. The second term inside the
brackets represents the Laplace pressure corresponding to the membrane tension.
We ran two initial simulations: one that included the MSL8 channel function
(representing WT pollen) and one that removed channel function such that osmolytes never exit
the grain (representing msl8 pollen) (Figure 2.4.2A). This simulation assumed that when the
gating tension is reached, all channels open to release osmolytes. We did test the idea that
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channels open gradually by incorporating a slow increase in the kflux value after σopen is reached,
but it did not make any appreciable difference in the results. Thus, we retained the assumption
that all channels open at once when σopen is surpassed. We noticed three main discrepancies
between the simulations and experimental data or the accepted values from the literature. First,
the predicted membrane tension was about four times higher than the estimated membrane lytic
tension of a protoplast (10 mN m−1) (Le Roux et al., 2019), as shown on the right y-axis in
Figure 2.4.2A. Second, the WT simulation showed volume increasing rapidly, peaking, and then
steadily decreasing, whereas experimental data showed WT pollen volume stabilizing after about
30 s. Third, the msl8 simulation predicted a relatively rapid stabilization of the volume, but
experimental data showed continued expansion for at least 150 s.

Figure 2.4.2. Multiple kinetic models of pollen hydration volume compared with experimental observations.
(A) Simulations from the initial model for pollen hydration, which assumes that osmolyte release through the MSL8
channel begins when the tension threshold (σopen) is met, then channel function ceases when the tension decreases
past the threshold. There is no osmolyte release in the msl8 simulation. (B) Simulations from the membrane-
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unfolding model, which is the initial model plus the assumption that membrane tension does not increase until the
cell reaches a certain amount of strain (εmin). (C) Simulations from the membrane-unfolding + nonlinear elastic
deformation model (referred to hereafter as the “basic model”). Additional deformation of the cell wall occurs when
the pressure exceeds a critical threshold (pc). (D) The time-inactivation model assumes that ion flux through the
MSL8 channel function begins when the tension threshold (σopen) is met, then channel function ceases after a period
of time (kinact). Nonlinear elastic deformation of the cell wall is possible in both WT and msl8 simulations. (E) The
decreasing tension-inactivation model assumes that ion flux through the MSL8 channel begins when the tension
threshold (σopen) is met, then ceases as soon as membrane tension begins to decrease. Nonlinear elastic deformation
of the cell wall is possible in both WT and msl8 simulations. (F) The cell wall strengthening model that assumes
MSL8-dependent cell wall strengthening but no osmoregulation. Nonlinear elastic deformation is possible in the
msl8 model but not the WT. The estimated lytic membrane tension threshold is indicated (“LT” = 10 mN m−1). See
also Figure 2.6.2.

2.4.3 Variations on the initial model that include membrane unfolding and
nonlinear elastic cell wall behavior better reproduce experimental
observations
To address the first two discrepancies, we considered possible differences between the
pollen grain and other systems that show experimental volume overshoots (E. coli (Buda et al.,
2016) and yeast (Altenburg et al., 2019)). Freeze-fracture imaging of dry pollen (Platt-Aloia et
al., 1986, p.) suggests that the desiccated pollen membrane may not be taut but rather has folds
of extra material that allow it to expand to some extent without added tension. Simulating this
effect involved calculating a strain (ε) value:
(2.4.5)

Once the strain reached a threshold (εmin), it was assumed that all membrane reserves had fully
unfolded, and membrane tension started to build:
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(2.4.6)
Incorporation of membrane unfolding lowered the final simulated membrane tension to
physically reasonable values and removed some of the overshoot seen in the WT simulation
(Figure 2.4.2B). In all models hereafter, we adjusted εmin to keep WT tension below the lytic
level.
Nevertheless, the msl8 simulation in the membrane-unfolding model still showed a
stabilized volume rather than the characteristic continued expansion seen in wet lab experiments
(Figure 2.4.2B). Plant cell walls are structurally complex and mechanically dynamic and
therefore are unlikely to behave as a simple, linear elastic material (Digiuni et al., 2015). To see
if a different material behavior could better simulate the experimental data, we incorporated
nonlinear elasticity into the model by calculating the cell pressure (p):
(2.4.7)

and setting a critical pressure threshold (pc). Only after the pressure exceeded this critical
pressure would the cell wall undergo a nonlinear deformation (strain softening), determined by a
deformation rate constant (kp):

(2.4.8)

We termed this model, which incorporates both membrane unfolding and nonlinear
elastic cell wall behavior, the “basic model.” The basic model predictions aligned well with
experimental observations in that WT pollen grains stabilized in volume while msl8 pollen
continued to expand (a slight overshoot in WT remained; Figure 2.4.2C). Membrane tension in
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the msl8 simulation did rise above the lytic tension, but we did not consider this to be unrealistic
because msl8 pollen can explode during the hydration process (Figure 2.6.1C) (Hamilton et al.,
2015). We note that the basic model is insensitive to changes in cell wall modulus values
between 5 and 5,000 MPa (Figure 2.6.2A).

2.4.4 Adding channel inactivation or MSL8-dependent effects on cell wall
stiffness produce models that fit experimental data
We next tested the effect of several variations on MSL8 channel behavior on the ability
of the model to remove the overshoot and produce a stable volume in WT pollen grains after
∼30 s of hydration. Adjusting the threshold gating tension (σopen) of the MSL8 channel or
assuming different osmolyte buildup before or during hydration did not produce improved fits
(Figure 2.6.2B) but three other variations did (Figures 2.4.2D and 2.4.2F). The first variation,
which we call the “time-inactivation model,” assumed that channel inactivation occurs
spontaneously with a fixed rate. This phenomenon has been suspected to occur with other MS
channels, and is a well-documented behavior of MscS (Vásquez, 2013). We introduced a closing
rate (kinact) for MSL8 that was determined by fitting to the experimental data (Table 1). The
closing rate was used to modify the rate at which osmolytes were released:
(2.4.9)
Compared with the basic model, the time-inactivation model had improved fit to the
experimental data, but it retained a small, temporary volume overshoot in the WT (Figure
2.4.2D).
A second model variation, the “decreasing tension-inactivation model,” assumed that
inactivation occurred as soon as the membrane tension started to decrease (but not necessarily
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dropping below the closing tension threshold of the channel). MSL10 shows a related behavior
in that its threshold tension and open probability are dependent on the rate at which tension is
applied to the membrane (Maksaev & Haswell, 2012; Tran et al., 2021). Incorporating this
modification into the basic model only required that kflux be set to zero when the change in
membrane tension ( ) becomes less than zero. The decreasing tension-inactivation model
variation fit the data well (Figure 2.4.2E). The curve shapes for both WT and msl8 pollen
simulations were indistinguishable from the experimental data. However, as in the timeinactivation model, membrane tension in the msl8 mutant simulation was 1.3–2 times over the
estimated lytic tension of a protoplast membrane. Although msl8 mutant pollen does burst, many
grains remain intact (Figure 2.6.1C), suggesting that the cell wall helps support the membrane.
We next asked if MSL8 might contribute to pollen survival not directly through the
release of osmolytes but indirectly through modulation of cell wall stiffness. MSL8 could either
promote stiffening or suppress softening. In the “cell wall strengthening model,” we removed all
osmotic regulation by MSL8 by setting the kflux value to zero. Instead, we assumed that the
presence of MSL8 channels reinforces the cell wall, thus making it more resistant to nonlinear
elastic deformation. This is reflected in the model by making the WT cell wall resistant to
additional expansion (i.e., omitting the deformation term) while the msl8 simulation undergoes
deformation past the pc pressure threshold (i.e., retaining the deformation term). Due to the
assumption that osmolytes do not leave the pollen grain in either simulation, the c0 value was
fitted to the WT experimental data instead of msl8 (see Methods). Compared with the
osmoregulation-based models, this model resulted in poorer accuracy in that the values do not
line up with the experimental results, especially around 30 s into hydration (Figure 2.4.2F).
However, the overall curve shapes were similar to the experimental results in this model. Thus,
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the experimental behavior of WT and msl8 pollen grains during the first 150 s of hydration can
be reasonably well simulated with a channel that inactivates or one that serves to strengthen the
cell wall. We also tested the possibility that MSL8 suppresses the buildup of osmolytes (without
effective osmolyte release through the channel) either during development or during the
hydration process (Figures 2.6.2C–E), but neither simulation aligned well with the experimental
data.

2.4.5 Hydration in an osmolyte-rich solution restores volume stabilization in
msl8 mutant pollen and in all three model variations
To further probe the role of MSL8 as an osmoregulator during pollen hydration, we
tested the robustness of each model to experimental perturbations. We measured the response of
WT and msl8 mutant pollen to hydration in an osmolyte-rich solution, which we predicted would
reduce the hypoosmotic shock and thus suppress the requirement for MSL8 to stabilize the
pollen volume. We previously found that hydration of msl8-4 pollen in a PEG 3350 solution
instead of water helped restore pollen viability (Hamilton et al., 2015). We replicated that
approach here by hydrating the pollen in 20% (w/v) PEG 3350 and recording the first 150 s of
hydration. As shown in Figures 2.4.3A and 2.6.3A, the stabilization of WT pollen volume after
50 s of hydration was unaffected by the addition of PEG to the hydration solution. Although the
rapid initial hydration of msl8-5 pollen was also unaffected, its continued expansion in DI water
was suppressed in 20% PEG (Figures 2.4.3A and 2.6.3B). Linear regression to quantify the slope
between 50 and 150 s of hydration indicated that although the slope of the WT volume curve was
zero in both water and PEG, the volume curve of msl8-5 in water had a slope that was
significantly nonzero in water (p < 0.001) but zero in 20% PEG (Figure 2.4.3B).
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Figure 2.4.3. Hydration in an osmolyte-rich solution restores volume stabilization in msl8 mutant pollen. (A)
The stabilization period (between 50 and 150 s after the addition of the hydration solution) of WT (top) and msl8-5
(bottom) pollen grains hydrated in water (0%) or in 20% (w/v) PEG 3350 (n = 30 pollen grains for each genotype
and treatment). Bars are 95% CI. Full-length curves are in Figure 2.6.3. There is no significant difference between
the final relative volume change of WT in 0% and 20% PEG (Mann-Whitney test; p = 0.39), but there is a
significant difference between msl8-5 in 0% and 20% PEG (Mann-Whitney test; p = 0.042). (B) Slopes of the data
in (A), estimated via simple linear regression for each genotype and treatment. Asterisks indicate the slope was
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significantly different from zero (p < 0.05), which was determined via F test. (C) Simulations of hydration in water
and 20% PEG via modification of cext. See also Figure 2.6.3.

We next challenged our simulations with hydration in the presence of PEG. To do so, we
adjusted the external osmotic concentration, cext, in the change in radius calculation (Equation 4).
To simulate hydration in 20% PEG 3350, we used a cext of 0.326 Osm (Schiller et al., 1988). To
simulate hydration in water, cext was set to 0 (as in previous iterations of the model). Simulations
were carried out for the two inactivation models and the cell wall strengthening model, and the
simulated slopes were calculated (Figures 2.4.3C and 2.6.3C–E). All three models predicted a
stabilization of the msl8 pollen volume in the presence of 20% PEG, consistent with our
expectations and with the experimental data shown in Figures 2.4.3A and 2.4.3B. The difference
in final volumes seen in the model (but not in the wet lab data) was not solved by simulating
strain stiffening of the cell wall (Figure 2.6.3F).

2.4.6 The cell wall strengthening model best simulated the effects of
additional desiccation on msl8 mutant pollen
If, as hypothesized, MSL8 functions as an osmoregulator, increasing cytoplasmic
osmolarity could exacerbate the msl8 mutant phenotype. To test the effect of cytoplasmic
osmolarity on pollen hydration, we placed freshly dehiscent pollen in a vacuum chamber
overnight for additional dehydration before starting the hydration imaging assay. We found that,
for the most part, this treatment had no effect on the initial volume (Figure 2.6.4A) or the
kinetics of pollen volume changes during hydration (Figure 2.4.4A). However, this extradesiccated pollen had a slightly higher relative volume change after hydration than pollen
incubated overnight at ambient conditions. For WT pollen, a slight increase was not statistically
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significant. However, msl8-5 pollen swelled significantly more when extra-desiccated (Figure
2.4.4B).

Figure 2.4.4. Increasing cytoplasmic osmolarity exacerbates swelling in msl8 mutant pollen during hydration.
(A) Relative size change over time of hydrating WT (top) and msl8-5 (bottom) pollen grains incubated overnight in
either a vacuum chamber or ambient conditions (n = 30 pollen grains per genotype per treatment). Bars are 95% CI.
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(B) Final (150 s after hydration) relative volume change for pollen grains in the experiment shown in (A). MannWhitney U test performed between the extra-desiccated and ambient treatment for each genotype. Grubbs test for
outliers did not identify any outliers. msl8-5 p value = 0.042. WT p value = 0.22. (C–E) Final relative volume and
membrane tension in simulations after altering c0 in the indicated kinetic models. See also Figure 2.6.4.

To simulate the effect of extra desiccation in the three models, the initial osmotic
concentration (c0) parameter was increased. We found that increasing c0 by more than 10%
resulted in extremely high membrane tension (Figure 2.6.4B). Thus, we tested 2%, 5%, and 10%
increases in c0 and examined the predicted final relative volume and membrane tension (Figures
2.4.4C–E and 2.6.4C–E). In time-inactivation model simulations and, to some degree, the
decreasing tension-inactivation model simulations, msl8 and WT pollen increased both final
volume and membrane tension with increasing c0 (Figures 2.4.4C and 2.4.4D). However, cell
wall strengthening model simulations showed increased swelling and tension in msl8 pollen with
increasing c0, whereas WT pollen did not change appreciably (Figure 2.4.4E). Thus, increasing
cytoplasmic osmolarity through extra desiccation exacerbated swelling in msl8 mutant pollen,
but not in the WT, as predicted by our hypothesis that MSL8 functions as an osmoregulator
during hydration. However, the fact that the cell wall strengthening model was the best at
simulating this effect suggested that cell wall extensibility rather than osmolyte release could be
the key difference between WT and msl8 mutant pollen under these conditions.

2.4.7 Overexpressing MSL8-YFP does not affect pollen volume stabilization,
and this was best replicated in the decreasing tension-inactivation and cell
wall strengthening models
Next, we examined the effect of increased MSL8 channel number on pollen grain volume
during hydration. If MSL8 functions as an osmotic safety valve, we would expect that additional
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channels would release more osmolytes and result in a lower final volume after pollen hydration.
We therefore overexpressed MSL8-YFP via the pollen-specific LAT52 promoter
(LAT52pro:MSL8-YFP) (Hamilton et al., 2015; Twell et al., 1990) in the Col-0 background. This
construct was previously characterized in the Ler background, where MSL8 transcript levels
were up to 12 times higher in MSL8-YFP overexpression lines than in the WT (Hamilton et al.,
2015; Hamilton & Haswell, 2017). These lines are likely to have increased MSL8 channel
conductance, as overexpressed MSL8-YFP protein has normal subcellular localization in
hydrated pollen grains (Hamilton et al., 2015; Hamilton & Haswell, 2017), and introducing a
pore-blocking mutation prevented MSL8-YFP overexpression phenotypes (Hamilton & Haswell,
2017). We identified four heterozygous overexpression lines (OE 13, 17, 20, and 27) with strong
YFP fluorescence in pollen grains (Figure 2.6.5A). We were unable to identify homozygous
lines, likely due to previously documented effects of MSL8 overexpression on male fertility
(Hamilton et al., 2015; Hamilton & Haswell, 2017). Although pollen grains overexpressing
MSL8-YFP were smaller than WT pollen (Figure 2.6.5B), their relative volume change curves
were indistinguishable from those of WT pollen (Figure 2.4.5A).
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Figure 2.4.5. Overexpressing MSL8-YFP does not affect volume stabilization during pollen hydration. (A)
Relative size change over time of hydrating pollen grains overexpressing (OE) MSL8-YFP (n = 30 grains per
genotype). Bars are 95% CI. (B and C) Time-inactivation and decreasing tension-inactivation model results with
varying relative values of the kflux parameter. (D) Cell wall strengthening model results. Note that there is no
effective osmolyte release (i.e., no kflux parameter); thus, this result is the same as in Figure 2F. See also Figure
2.6.5.

To include MSL8 overexpression in the models, effective channel activity was increased
by modifying the channel ion flux rate, kflux. We set 0% channel function to be equivalent to
msl8 while 100% channel function was equivalent to WT. Further increases in kflux represented
MSL8 overexpression. Both the time-inactivation model and the decreasing tension-inactivation
model were relatively insensitive to kflux; hence, channel function could be increased up to
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1,000% without resulting in a relative volume change lower than 0.5, which is the lower end of
the 95% confidence intervals (Figures 2.4.5B and 2.4.5C). The time-inactivation model showed
an overshoot and recovery when channel function was high, which was not reflected in the
experimental data (Figure 2.4.5A). However, the decreasing tension-inactivation model fit the
experimental data well, with very little effect from increased channel function. The cell wall
strengthening model does not have channel function; hence, there was no kflux value to increase
and this model therefore matched this experimental result (Figure 2.4.5D). To summarize, we
found that, unexpectedly, overexpressing MSL8-GFP did not alter the kinetics of swelling in
hydration experiments. Furthermore, two of our models (decreasing tension-inactivation and cell
wall strengthening) simulated the experimental data well, suggesting that MSL8 does not
function as a simple tension-gated osmoregulator.

2.4.8 Pore-blocked MSL8 channels do not prevent overexpansion during
pollen hydration
We next tested to see if ion flux through MSL8 was required for volume stabilization. To
do this, we used a MSL8 point mutation (MSL8F720L) previously shown to abolish ion
conductance and fail to protect pollen during hydration (Hamilton & Haswell, 2017). MSL8-GFP
or MSL8F720L-GFP was expressed from the MSL8 promoter in the msl8-5 background using
previously described transgenes (MSL8pro:MSL8-GFP and MSL8pro:MSL8F720L-GFP) (Hamilton
& Haswell, 2017). Three lines were selected for each transgene, and stable, full-length protein
expression was confirmed via immunoblot (Figure 2.6.6A). Phenotypes were assessed using the
initial hydration assay (Figure 2.6.6B). As expected, a transgene harboring the genomic version
of MSL8 complemented the msl8-5 phenotype, as msl8-5 MSL8pro:MSL8-GFP pollen stabilized
in volume between 50 and 150 s of hydration (Figure 2.4.6A). Quantification showed a slope that
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was not significantly different from zero in all three lines (Figure 2.4.6B). However, msl8-5
MSL8pro:MSL8F720L-GFP pollen continued to expand, similar to msl8-5 pollen, and showed a
nonzero slope between 50 and 150 s (Figures 2.4.6A and 2.4.6B). Thus, osmolyte conductance
through MSL8 is necessary for the volume stabilization seen in WT pollen.

Figure 2.4.6. MSL8 channel conductance is required for pollen grain volume stabilization. (A) Experimental
hydration results of pollen expressing gMSL8-GFP (left) and gMSL8F720L-GFP (right) (n = 30 grains for each). Only
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the relative volume between 50 and 150 s is displayed as this section was used to estimate a slope; full-length curves
are shown in Figure 2.6.6. (B) Slopes estimated via simple linear regression for each genotype. Asterisks indicate
that the slope was significantly different from zero (marked with a dashed line) which was determined via F test (p <
0.05). Bars are 95% CI. See also Figure 2.6.6.

2.5 Discussion
Plant cell mechanics is complicated by the presence of a cell wall and multiple
atmospheres of turgor pressure. In vitro pollen grain hydration represents a relatively simple
starting place for modeling plant cell mechanics due to the absence of neighbors, the isotropic
nature of expansion, and the involvement of a single MS ion channel, MSL8. Here, we
characterized the kinetics of pollen swelling during the first 150 s of pollen hydration under a
range of osmotic conditions and MSL8 levels. In addition, we developed and tested several
related models of pollen hydration that incorporated different assumptions about cell wall
mechanics, membrane mechanics, and MS channel function. Multiple mathematical descriptions
of pollen tube tip growth (Dumais, 2021; Fayant et al., 2010) and of pollen grain desiccation and
swelling (Božič & Šiber, 2020, 2022; Katifori et al., 2010) have been developed but do not
directly address the role of MS channels. Here, our primary goal was to test the hypothesis that
MSL8 acts as an osmotic safety valve to regulate pollen volume during the hypoosmotic shock
of hydration, as is well-established for bacterial MS channels (Booth & Blount, 2012; Kung et
al., 2010; Martinac et al., 2020). We conclude that our results do not support this hypothesis.
The role of the membrane
It is likely that the desiccated state of the pollen grain affects the function of any
membrane-embedded proteins, including MS ion channels. Although there is some discrepancy
(Elleman & Dickinson, 1986; Shivanna & Heslop-Harrison, 1981), freeze-fracture electron
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microscopy studies indicate a continuous membrane around the outside of the pollen protoplast
during early hydration (Kerhoas et al., 1987; Platt-Aloia et al., 1986, p.). However, these
membranes show ruffling and may not be under tension (Kerhoas et al., 1987; Platt-Aloia et al.,
1986, p.). Such folds could delay the buildup of membrane tension, changing the kinetics of MS
ion channels. Incorporating this possibility into our model made it more accurate by producing a
realistic membrane tension and reducing the volume overshoot. Large membrane reserves have
been previously documented in animal cells (Gauthier et al., 2011; Groulx et al., 2006; Y. Zhang
& Hamill, 2000) and may serve as a mechanism for preventing or delaying the activation of
mechanosensitive processes.
Another consideration is membrane renewal via exocytosis. We found that not all msl8
pollen grains burst (Figure 2.6.1C), but our modeling suggested a membrane tension that rises
above a lytic threshold (Figures 2.4.2C–F). How is the membrane avoiding rupture? We find it
unlikely that additional plasma membrane is being exocytosed during hydration, as (1) it takes
over a minute for fluorescent protein to be transported to the tip of an actively growing pollen
tube tip (Luo et al., 2016), (2) complete plasma membrane renewal is estimated to take between
10 min (in nonexpanding cells) and 3 h (in expanding cells) (Steer, 1988), and (3) the desiccated
pollen grain is in a state of metabolic inactivity (Pacini & Dolferus, 2019). Instead, the cell wall
may be providing additional support to the membrane. Future studies should seek to further
understand the nature of the desiccated pollen grain membrane, its interactions with the cell wall,
and its influence on hydration mechanics.
The role of the cell wall
Plant cell wall material is described as “viscoelastoplastic,” meaning it behaves as an
elastic material until a high enough force is applied, then it exhibits stress relaxation as part of

48

the viscoplastic response (Fruleux et al., 2019). This material property is thought to be the result
of many cell wall components interacting and contributing strength and/or flexibility (Codjoe et
al., 2022). Indeed, a pollen hydration model that assumed the wall is a simple elastic material did
not capture the volume dynamics we observed experimentally, and we were unable to simulate
the slow expansion seen in msl8 pollen (compare red lines in Figures 2.4.2A and 2.4.2B). By
incorporating nonlinear deformation past a pressure threshold (rather than a limiting pressure
threshold), we were able to simulate experimental results in the basic model (Figure 2.4.2C).
Although this did create a small overshoot in the WT simulation, in the model variations, the
pressure threshold was never reached, there was no additional deformation of the cell wall and
the volume remained stable, aligning with our experimental results (Figures 2.4.2D–F).
Additional aspects of cell wall mechanics, such as the hydration of absorbent pectin gels (Fan et
al., 2020; Thompson & Islam, 2021; Vieira & Feijó, 2016), should be incorporated into future
iterations of the model and may address the discrepancy between this model and experimental
results when pollen is hydrated in 20% PEG (Figures 2.4.3A and 2.6.3C–E).
Most pollen cell walls are nonuniform, with large gaps in the exine layer that expose the
intine beneath to the environment (Halbritter et al., 2018). Other models have addressed the role
of such apertures on desiccation (Božič & Šiber, 2020; Katifori et al., 2010) and hydration
(Božič & Šiber, 2022). Božič and Šiber considered the structure of the cell wall as a function of
volume (which is a fixed parameter) and developed a model to determine how differences in wall
stiffness influence the possibility of bursting in pollen with a single pore-like aperture (Božič &
Šiber, 2022). Arabidopsis pollen has larger, elongated apertures that primarily contribute to
expansion latitudinally (R. Wang & Dobritsa, 2018). After the first 20 s of hydration, msl8 pollen
grains continue to expand equally in both the length and width directions (Figure 2.6.1G),
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suggesting that this phenotype is distinct from aperture unfolding. However, future models
should consider the influence of apertures on Arabidopsis pollen hydration mechanics and the
potential role of cell wall heterogeneity in preventing bursting.
MSL8 does not function as a simple osmotic safety valve during pollen hydration
Our previous characterizations of MSL8’s role in maintaining pollen viability led us to
hypothesize that it acts as an osmotic safety valve, similar to MscS in E. coli (Basu & Haswell,
2017; Bialecka-Fornal et al., 2014; Boer et al., 2011; Buda et al., 2016; Chure et al., 2018;
Hamilton et al., 2015; Hamilton & Haswell, 2017; Levina et al., 1999; Martinac et al., 2020; van
den Berg et al., 2016). Indeed, a pore-blocked MSL8 variant was unable to rescue the msl8
phenotype, confirming that ion flux through the channel is necessary in some capacity to prevent
over-expansion during pollen hydration (Figure 2.4.6). However, our basic model, wherein
MSL8 acts as a simple osmotic safety valve, did not fit the experimental data (Figure 2.4.2C).
We thus added three variations to the basic model: (1) MSL8 inactivates after some time; (2)
MSL8 inactivates when the tension starts to decrease; and (3) the key aspect of MSL8 channel
function is not osmoregulation, but cell wall stiffening. Below, we discuss these three
possibilities in the context of existing literature on MS channel dynamics and cell wall
mechanics.
Time inactivation or decreasing tension inactivation of MSL8
Modeling channel inactivation after time passed (time inactivation; Figure 2.4.2D) or
after tension began to decrease (decreasing tension inactivation; Figure 2.4.2E) either partially or
fully recapitulated the volume stabilization seen in WT pollen, respectively. Both models
successfully predicted the effects of PEG hydration and extra desiccation on msl8 pollen. The
time-inactivation model failed to predict several experimental observations; furthermore, time
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inactivation has not been observed for MSL8 (Hamilton et al., 2015). In fact, MSL1 (C. P. Lee et
al., 2016), MSL10 (Maksaev & Haswell, 2012), and MSL8 (Hamilton et al., 2015) all close
much more slowly than they open, thereby maintaining an extended open state.
Cell wall strengthening by MSL8
This model successfully predicted the effect of hydration in PEG (Figure 2.4.3C) and
extra desiccation on both WT and msl8 pollen (Figure 2.4.4E), as well as the hydration
phenotype of pollen overexpressing MSL8-YFP (Figure 2.4.5D). However, these results beg the
question: how would ion flux through MSL8 affect cell wall properties? MSL8 is likely to
transport anions (Hamilton et al., 2015), so its activation would depolarize the membrane and
both directly and indirectly alter apoplastic anion concentrations and pH. Several components
that impact the stiffness of the cell wall, such as cellulose, hemicellulose, and pectin, have
complex electrostatic interactions (Anderson & Kieber, 2020) that could be affected by the ionic
strength of the apoplast. Moreover, recently reported complex interactions between MSL8 and
the cell wall integrity pathway, including modification of callose deposition shortly before and
after pollen germination, suggest a role for MSL8 in adaptive cell wall responses (Wang et al.,
2022). Future studies of the effect of MSL8 on cell wall composition and strength will be crucial
to experimentally test this intriguing model.
Conclusions and future directions
The data presented here reveal that MSL8 stabilizes pollen volume during the initial
stages of hydration but not via simple osmoregulation as we originally hypothesized. Rather, it
suggests that the MSL8 channel exhibits unusual inactivation behavior or that it affects pollen
cell wall properties. This work further highlights the utility of mathematical modeling for testing
assumptions in proper physical context while also developing new, testable hypotheses. We
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demonstrated that our assumption of MSL8 function—which was based on MS channel function
in other systems—was not entirely correct. Future computational work should incorporate the
ellipsoid shape of the pollen grain, add cell wall heterogeneity like apertures, and eventually
address the polarized nature of hydration and expansion that occurs in vivo and during tube
germination. Overall, we believe that this model of single plant cell mechanics will be useful as
we seek to understand how osmotic regulation and cell wall integrity influence one another.
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Figure 2.6.1: In vitro pollen hydration curves of all msl8 mutant and WT lines. (A) Correlation between
hydrated volume and initial volume of WT pollen. (B) Correlation between hydrated volume and initial volume of
msl8-5 pollen. (C) Correlation between the final relative volume change and the initial volume of WT pollen. (D)
Correlation between the final relative volume and the initial volume of msl8-5 pollen. Importantly, the slopes
between WT (C) and msl8 (D), which are the two genotypes compared here, are not statistically different (F-test; p =
0.70) (E) Hydration curves for two wild type lines. WT Col-0 is the original parent line and WT sibling was
segregated from the msl7-1msl8-7 line. N = 30 grains for each genotype; faint bars are 95% confidence intervals
(CI). (F) Percentage of pollen grains that visibly burst during the first 150 seconds of hydration (N = 206 grains for
WT; N = 234 grains for msl8-5). (G) The relative length, width, and volume changes of msl8-5 pollen after initial
rapid hydration (post-28 seconds). (H) Hydration curves from all msl8 mutant lines. N = 30 grains for each
genotype; faint bars are 95% CI.
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Figure 2.6.2: Effects of altering parameter values and alternative, osmolyte build-up hypothesis. (A) Volume
(left) and membrane tension (right) output of simulations testing cell wall stiffness values of 1.25, 87.5, 125, 250,
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and 1250 N/m. These values are equivalent to elastic modulus values of 5, 350, 500, 1000, and 5000 MPa,
respectively. Note that 87.5 N/m (350 MPa) is the value used throughout the paper. (B) Volume (left) and membrane
tension (right) output of simulations testing σopen values of 0, 2.5, 5, 7.5, and 10 mN/m. Note that 5 mN/m is the
estimated value based on existing literature. The dashed line marks the estimated lytic tension of the membrane.
An alternative hypothesis that may explain the msl8 hydration phenotype is that MSL8 suppresses the build-up of
osmolytes (without effective osmolyte release through the channel) either during development or during the
hydration process. To test osmolyte build-up during development, we removed channel opening/effective osmolyte
release, assumed both WT and msl8 can undergo deformation of the cell wall, and made the c0 value the only
difference between the two simulations. C-D show the resulting simulation (bold lines) compared to wet lab data
(faded lines) (C: WT c0 = 1.3 molar and msl8 c0 = 1.54 molar) (D: WT c0 = 1.4 molar and msl8 c0 = 1.54 molar).
To test osmolyte build-up during hydration, we again removed effective osmolyte release by MSL8, assumed both
WT and msl8 had the same c0 value and can both undergo deformation of the cell wall, but only the msl8 simulation
had increasing osmolyte concentration over time. E shows the resulting simulation assuming MSL8 functions to
suppress osmolyte build-up during hydration. Initial osmotic concentration (c0) is set to 1.4 molar for both WT and
msl8, but during hydration the osmotic concentration of msl8 pollen increased by 0.001 molar during every time step
(final concentration = 1.5 molar). For all graphs, relative volume change (solid lines) is graphed on the left y-axis
while membrane tension (dashed lines) is graphed on the right y-axis. The horizontal dashed line marks lytic tension
(10 mN/m).
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Figure 2.6.3: Hydration in an osmolyte-rich solution experimental observations and simulations. Relative
volume change of WT (A) and msl8-5 (B) pollen hydrated in water or 20% PEG 3350 solution (N = 30 pollen grains
for each genotype/treatment). Bars are 95% CI. Simulation results for both WT (left) and msl8 (right) hydration in
0% PEG and 20% PEG (assuming the MSL8 channels inactivate after a period time (C), MSL8 channels inactivate
when tension starts to decrease (D), or the presence of the MSL8 channels strengthens the cell wall (E). (F)
Alternative model that assumes there is strain stiffening of the cell wall (c0 = 7.00 molar, Lp = 2.30e-14 m Pa-1 s-1, Pc
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= 2.63e6 Pa, kp = 1.60e-8 Pa-1 s-1). Simulation of strain stiffening was done via inclusion of an additional term in eq.
4 that increases wall stiffness at each time step. This alternative hypothesis did result in a model that more closely
aligned with experimental PEG results, however, it required an unrealistically high osmolyte concentration (7 molar
vs. ~1.5 molar used here and ~0.5 molar reported for pollen tubes(Moulia, 2013; Pertl et al., 2010)).

Figure 2.6.4: Initial measured volumes and hydration simulations of pollen with increased cytoplasmic
osmolarity. (A) Raw initial volume of both WT and msl8-5 pollen under control conditions or vacuum (i.e.,
desiccated) conditions. (B) Simulated membrane tension results testing increasing c0 values in the Basic model. The
line marks estimated lytic tension (LT). (C-E) Simulation results for both WT (left) and msl8 (right) pollen grains
with increasing initial osmotic concentration values assuming either the MSL8 channels inactivate after a period
time (C), MSL8 channels inactivate when tension starts to decrease (D), or the presence of the MSL8 channels
strengthens the cell wall (E). A 0% increase is equivalent to the original c0 value used for each model.
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Figure 2.6.5: Characterization of pollen overexpressing MSL8-YFP. (A) Representative composite images
(bright field and 488 nm excitation/500-540 nm emission) of pollen from WT plants (left) and MSL8 overexpression
(pLAT52: MSL8-YFP) heterozygous plants. Only pollen with visible expression was used in overexpression
hydration assays. Scale bars are 100 µm. (B) Initial pollen volume (left) and final volume (right) of WT, msl8-5, and
four MSL8-YFP overexpression lines (OE) (N = 30 grains for each). Bars are mean with 95% CI. One-way ANOVA
test with multiple comparisons was used to compare each genotype among initial volume and final volume groups.
Letters indicate a significant difference (p < 0.05). Grubbs test for outliers was conducted on all genotypes. One
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outlier from WT final volume and two outliers from OE 20 final volume were removed. Excluding the outliers did
not affect the ANOVA results.

Figure 2.5.6: Characterization of MSL8 lines. (A) Immunoblot confirmation of protein presence in msl8-5 lines
expressing genomic MSL8-GFP or MSL8-GFP with the point mutation, F720L, which eliminates channel function.
Protein blot was probed with anti-GFP (top). The blot was then stripped and re-probed with anti-tubulin (bottom).
(B) Complete hydration curves of the lines.
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Chapter 3: MSL8-related cell death depends
on expression level and ion channel function
3.1. Abstract
Mechanosensitive ion channels are known for their function in osmoregulation as a direct
result of channel opening in response to physical forces, however, it is becoming clear that some
MS channels possess functions independent of ion channel function. In particular, MSL10
induces cell death signaling in a manner that is separable from ion channel function. Here we
show that MSL8 is a potent inducer of cell death and we characterize similarities between MSL8
and MSL10 as well as any potential non-conducting functions of MSL8 as they relate to
maintaining cell viability and/or inducing cell death. We find that MSL8 and MSL10 do not have
interchangeable functionality in pollen, indicating clear differences in the proteins. Furthermore,
MSL8 only induces cell death when it has ion channel function and is expressed under a strong
promoter. Unlike MSL10, expression of just the N-terminus of MSL8 is not enough to induce the
same level of death seen by full length MSL8. Lastly, a MSL8 variant with a constitutively open
channel causes abnormal pollen phenotypes and death. We conclude that MSL8 induced-cell
death is likely related to excess channel function and not a separate signaling function as
proposed for MSL10.

3.2. Introduction
Living cells must be able to sense and respond to the physical forces around them. One
molecular mechanism for sensing these forces is mechanosensitive (MS) ion channels, which are
found in all domains of life. These proteins sit in the membrane and, in response to membrane
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stretching, will open to conduct ions (Basu & Haswell, 2017). Early studies proposed that the
release of osmolytes through the channel and out of the cell reduces the osmotic potential, thus
slowing the inward flow of water to prevent overexpansion (Levina et al., 1999). This finding
has resulted in some MS channels being termed “osmotic safety valves” (Booth & Blount, 2012;
Kung et al., 2010; Martinac et al., 2020). While this sets the stage for the importance of MS
channels in cell physiology, we are just beginning to understand the potential downstream effects
of MS channels, including conducting and non-conducting functions.
Ion release through an MS channel can result in osmoregulation, calcium signaling,
membrane depolarization, an increase in the membrane surface area, and cell wall strengthening
(Codjoe et al., 2022). As mentioned above, osmoregulation is a straightforward, direct result of
osmolyte release. Meanwhile, calcium signaling mediated by MS channels could be considered a
more indirect result of channel function as the calcium is perceived by other components of the
cell to produce a response (Pauly et al., 2001). Calcium transients promote a variety of cell
responses via calcium sensors/binders that activate calcium-dependent protein kinases to
phosphorylate transcription factors and alter gene expression (Tuteja & Mahajan, 2007).
Sometimes calcium enters the cell through the channel itself, such as MCA1 – an MS channel
which enhances calcium signaling during hypoosmotic shock (Nakagawa et al., 2007; Stephan et
al., 2016). MSL10, which is non-calcium conducting, also induces calcium transients in response
to a hypoosmotic shock but in this case it is possible that the MS channel activity is depolarizing
the membrane which then activates a voltage-gated calcium channel to induce the calcium
transient (Basu & Haswell, 2020; Frachisse et al., 2020).
Besides calcium influx, MSL10 also induces reactive oxygen species accumulation,
mechano-inducible gene expression, and cell death in response to hypoosmotic swelling (Basu &
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Haswell, 2020). These responses are dependent on the phosphorylation state of the N-terminus
and cell death can still be induced by variants of MSL10 without channel conductance,
indicating that the signaling is the result of separate, non-conducting functionality (Basu &
Haswell, 2020; Veley et al., 2014).
Importantly, the type of cell death induced by MSL10 is considered “programmed cell
death” (PCD) meaning that it is initiated by the cell itself and distinct from “accidental cell
death” (ACD), which occurs without any coordinated input from the cell (Locato & De Gara,
2018). ACD is an uncontrolled death such an excess osmotic shock that results in lysis or
physical damage from a predator. Meanwhile, PCD is highly controlled – sometimes referred to
as cellular suicide – and it can be developmentally or environmentally induced. PCD has several
hallmarks which are used to distinguish it from ACD such as DNA fragmentation (Tripathi et al.,
2017), caspase activation (Xu & Zhang, 2009), cytoplasmic acidification (Young et al., 2010),
ROS accumulation (Locato et al., 2016), and the transcription of cell death associated genes
(Olvera-Carrillo et al., 2015). All of these were found to occur in MSL10-dependent cell death,
indicating that the death is indeed PCD (Basu & Haswell, 2020).
It is becoming clear that MSL8, a close relative of MSL10, is not functioning as the
traditional osmotic safety valve as once hypothesized (Hamilton et al., 2015; Miller et al., 2022).
In the previous chapter, modeling was used to determine that MSL8 is maintaining pollen
viability through a mechanism that requires channel function, but is likely not effective
osmoregulation (Miller et al., 2022). As we seek to broaden our understanding of alternative
roles of MS channels, a logical starting place would be to investigate MSL8 for non-conducting
functions. This chapter utilizes testing of both transient expression in tobacco and stable

63

Arabidopsis line generation of various forms of MSL8 and MSL10 to test the role of the
expression location, channel function, and soluble domain function on cell viability.

3.3. Materials and Methods
Accession Numbers: The accession numbers for the genes studied here are MSL8 (At2g17010)
and MSL10 (At5g12080).
Plant Materials and Growth Conditions: For experiments requiring Arabidopsis, plants of the
Columbia-0 ecotype were used. All Arabidopsis lines used here as well as their sources are listed
in Table 3.3.1. Arabidopsis seed was placed directly on soil and kept in the dark for 48 hours
before moving to 150 m−2 s−1 photons light intensity in a 16/8-hour light/dark chamber at 21°C.
Tobacco (Nicotiana benthamiana) plants were grown in greenhouse conditions for 3-4 weeks,
then, after infiltration, were kept under 24 hours of light.

Table 3.3.1: Arabidopsis thaliana lines used in “Chapter 3: MSL8-related cell death depends on expression
level and ion channel function.”

Line Name

Description

Source

Col-0

Wild type background

N/A

msl8-5

msl8 null mutant

Wang et al., 2022

msl8-5 MSL8g # 1

msl8 null rescued with genomic MSL8

Miller et al., 2022

msl10-1

msl10 null mutant

SALK_076254

msl8-5 MSL8 :MSL10 # 1, 2, 3

msl8 null with MSL10 under the MSL8 promoter

This study

msl10-1 MSL10 :MSL8 # 1, 2, 3

msl10 null with MSL8 under the MSL10 promoter

This study

msl8 null with MSL8 containing the L707A point mutation

This study

pro

pro

L707A

msl8-5 MSL8
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Promoter Swap Construct and Line Creation: To express MSL8 under the promoter of MSL10
and MSL10 under the promoter of MSL8, previously characterized genomic DNA for both MSL8
and MSL10 was cloned into pENTR/D-TOPO vectors. PCR was used to linearize and amplify
the promoter regions for MSL8 and MSL10. The primers used to amplify promoter regions
included complementary overlap to regions of insertion for the corresponding gene (Table 3.3.2).
The original pENTR/D-TOPO constructs were then used as templates to amplify regions
excluding each promoter. Primers for amplification of non-promoter regions did not contain any
overlapping bases. All PCR products were digested with Dpn1 to remove methylated DNA
before gel extraction. Gibson reactions to combine the MSL8 promoter with the pENTR-MSL10
backbone and combine the MSL10 promoter backbone with pENTR-MSL8-GFP backbone were
carried out and confirmed with colony PCR, restriction enzyme digests, and sequencing.
As the MSL8 backbone contained GFP whereas that of MSL10 did not, the same steps
were used to amplify the newly created MSL8pro:MSL10 without the stop codon and amplify
GFP with overlap to the MSL8pro:MSL10 backbone. A Gibson assembly was then carried out to
insert GFP at the C-terminal end of MSL8pro:MSL10 after Dpn1 digestion. Each of the three
Gibson reactions were confirmed with restriction enzyme digests, colony PCR, and sequencing.
The resulting entry vector constructs were cloned into pBWG destination vectors using LR
recombination. Recombination was confirmed via restriction enzyme digest, colony PCR, and
sequencing.
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Table 3.3.2. Primers used for creation of the MSL8-MSL10 promoter swap constructs.
Primer Name

Sequence (5’ to 3’)

Purpose

MSL8pMSL10gR

CTTTTGTTCTGCCATTTGAAAATTAATTGTTATTATTAAATCTAAG Amplification of MSL8 promoter

MSL10pMSL8gR

ATTTCTGAAATCCATTCCAATGCTACTACCATCCAATTTC

Amplification of MSL10 promoter

MSL10pMSL8gF

GCCGCCCCCTTCACCGGAGGGAGATTTGATGCAGAAC

Amplification of MSL10 promoter

MSL8pMSL10gF

CAGGGCTCCTTCACCTAATTCTGAAGCTATTTGGG

Amplification of MSL8 promoter

MSL10gR

GGTGAAGGAGCCCTGAAAATACAG

Amplification of MSL10 genomic region

pENTR linearization primer

ATGGCAGAACAAAAGAGTAGTAACGGA

17010.F1

ATGGATTTCAGAAATTCCTTCAAATCTCATAG

MSL8-MSL10 N Term R1

GGTGAAGGGGGCGGC

Amplification of MSL8 genomic region

GFP_Gibson2-F

TGAGAACCAATTTAAAACCGGTTTGGTGTTTTTTC

Amplification of MSL8pMSL10g without stop
codon

GFP_Gibson1-R

GTTCTTCTTTGTGAGATTAATGTCTTGAGGAAGGAGAG

Amplification of MSL8pMSL10g without stop
codon

GFP_Gibson1-F

CTCACAAAGAAGAACGTGAGCAAGGGCGAGG

Amplification of GFP

GFP_Gibson2-R

CCGGTTTTAAATTGGTTCTCACTTGTACAGCTCGTCC

Amplification of GFP

Amplification of MSL10 genomic region
Amplification of MSL8 genomic region

Plant Transformation: To create the stable “promoter swap” Arabidopsis lines, the constructs
were introduced into plants using Agrobacterium tumefaciens GV3101 strain-mediated
transformation via floral dip. MSL8pro:MSL10 -GFP was transformed into the null msl8-5 mutant
background and MSL10pMSL8g-GFP in the msl10-1 mutant background (Veley et al., 2014;
Wang et al., 2022). The same A. tumefaciens GV3101 strain-mediated transformation was also
used for 35Spro:MSL8-GFP and each of the MSL8 point mutations listed in Table 3.6.1. Each of
the point mutation constructs were placed into the msl8-5 null background to avoid any influence
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of native MSL8 protein on the resulting phenotypes. Successful transformants were selected for
using phosphinothricin (BASTA).
Reverse Transcription-PCR: To confirm expression of the promoter swap constructs in
Arabidopsis T3 lines, semi-quantitative RT-PCR was used. For constructs with broad plant
expression (i.e. MSL10pro), leaf tissue was used. For pollen expression (i.e. MSL8pro), flower
tissue was used. Between 30-50 mg of fresh tissue was collected for each and the tubes were
immediately dropped into liquid nitrogen before being stored at -80°C until RNA isolation.
To isolate RNA, each tissue sample was kept frozen and ground with a mortar and pestle
into a fine powder. RNA was extracted from this tissue using the RNeasy Plant Mini Kit
(QIAGEN; Cat#74907) according to the manufacturer's instructions. Most samples yielded 100300 ng/µL RNA.
Next, cDNA was synthesized from the RNA by combining oligo dT primer (Invitrogen;
Cat#18418012) with each RNA sample. This mix was incubated at 70°C for 10 minutes, then
chilled on ice for 5 minutes. Finally, each mix was added to M-MLV reverse transcriptase and
buffer (Invitrogen; Cat#28025013 & Cat#18057018) along with dNTP’s, and RNAsin before
incubating at 42°C for 2 hours and storing at -20°C.
Semi-quantitative RT-PCR was then performed using the primers listed in Table 3.3.3.
All samples were run using DreamTaq enzyme and buffer (Thermo Fisher; Cat#EP0701)
according to the manufacturer's instructions. For visualization of the amplification, 10 µL of each
sample was loaded into a 2% agarose gel.
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Table 3.3.3. Primers used for RT-PCR of MSL8-MSL10 promoter swap lines.

Primer Name/Description

Sequence (5’ to 3’)

GFP Reverse

GCTGAACTTGTGGCCGTTTAC

MSL8 Forward

GTCCGAACAATGCCTACC

MSL10 Forward

GGACCTTCACATCGACTACAC

Actin Forward

GGTAACATTGTGCTCAGTGGTGG

Actin Reverse

AACGACCTTAATCTTCATGCTGC

Pollen Hydration Imaging: The same protocol established by Miller et al., 2022 was used here.
Briefly, imaging was performed on an Olympus FV3000 confocal laser scanning microscope.
For time lapse imaging, dry pollen was placed onto a glass bottom microwell dish by gently
tapping 5-8 freshly opened flowers onto the glass. Once on the microscope, pollen grains were
imaged using a 20X objective. Recording began before water was added, and images were taken
every 0.55 seconds over the course of hydration (~165 seconds). Image analysis for pollen
volume quantification was performed using ImageJ (Schindelin et al., 2012).
Construct Synthesis and Transient Expression in Tobacco: The N-terminal and the C-terminal
sequences of MSL8 were determined based on predicted topology (Hallgren et al., 2022). The Nterminus contains the first 298 amino acids of MSL8, and the C-terminus contains the last 190
amino acids. The coding sequences for both were cloned into pENTR/D-TOPO (Karimi et al.,
2002), and confirmed with restriction enzyme digest and sequencing.
For transient expression of constructs in Nicotiana benthamiana,10 mL cultures of each
A. tumefaciens strain were inoculated and grown overnight at 30°C. Cultures were centrifuged at
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3000 x g for 15 minutes at RT, resuspended in 1 mL activation buffer (1 mL 1M MES/KOH (pH
5.6), 1 mL 1M MgCl2, 100 µL 150 mM Acetosyringone in DMSO), and incubated for at least 2
hours at 30°C with gentle shaking. Cultures were diluted to desired the OD600 (0.5, 0.3, or 0.1).
All constructs were co-infiltrated with P19 diluted to OD600 of 0.3 to inhibit transgene silencing
(Wydro et al., 2006). Cultures were injected into the abaxial side of 3-4 week old N.
benthamiana leaves using a 1mL slip-tip syringe. Three leaves were infiltrated for each plant.
The perimeter of infiltrated areas was marked with permanent marker, and excess culture was
blotted with Kimwipes. All constructs used here are listed in Table 3.3.4.
Table 3.3.4: Constructs used for transient tobacco expression in “Chapter 3: MSL8-related cell death
depends on expression level and ion channel function”.

Construct Name

Description

Source

35S :MSL8-GFP

Overexpressed GFP-tagged MSL8

This study

35S :MSL8 -GFP

Overexpressed GFP-tagged MSL8 N-terminus (1-298 aa)

This study

35S :MSL10-GFP

Overexpressed GFP-tagged MSL10

Veley et al., 2014

Overexpressed GFP-tagged MSL8 with point mutant F720L

Hamilton & Haswell 2017

pro

N

pro

pro

35S :MSL8
pro

F720L

-GFP

3.4. Results
3.4.1. Overexpression of MSL8 results in cell death
Unexpected effects of MSL8 became apparent when overexpression of the protein
became impossible due to extreme cell death. This was first observed in N. benthamiana
(tobacco) transiently expressing MSL8 under the strong constitutive 35S promoter (Figure 3.4.1).
Large lesions of dead tissue were visible on leaves infiltrated with the construct, even at low
concentrations (lowest OD600 = 0.1). MSL10, as well as non-conducting variants of MSL10,
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have been reported to also cause cell death when transiently overexpressed in tobacco, but this
death is less extreme and only visible on a cell level (Veley et al., 2014). Another closely related
MSL channel – MSL9 – also did not cause visible, tissue-level cell death (Figure 3.4.1B).

Figure 3.4.1. MSL8 overexpression results in distinct, tissue-level cell death in N. benthamiana. (A) Leaves
from plants infiltrated with the expression enhancer P19 at OD600 of 0.3 or co-infiltrated with P19 and 35Spro:MSL8GFP at various concentrations. Images were taken 5 DPI. Small, circular marks are scars from the infiltration
process. Cut sites are from prior tissue collection for imaging and are unrelated to tissue death phenotype. (B)
Comparison of whole tobacco plants infiltrated with GFP-tagged MSL9 (left) and MSL8 (right). Note that for the
six leaves visible on each plant, only half were infiltrated.
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Moreover, this cell death was also seen in Arabidopsis thaliana as attempts to create
stable lines expressing MSL8-GFP under the 35S promoter failed to yield successful
transformants (Figure 3.4.2). These results indicate that there are deleterious effects associated
with high levels of MSL8 protein.

Figure 3.4.2. Transformation of plants with MSL8 overexpression construct fails to produce stable transgenic
lines. Top is ~1 week old T1 seedlings. Bottom is the same seedlings after 1 week of selection for viable
transformants via BASTA spray. The T0 parents had been transformed with either 35Spro:MSL8-GFP (left) or
35Spro:GFP (right) via agrobacterium floral dip.
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3.4.2. Swapping the promoters of MSL8 and MSL10 produces stable
transgenic lines
Given that MSL8, like MSL10, causes cell death in planta, a more complete
understanding of what other similarities exist between the function of these two proteins would
be highly informative. Thus, I sought to probe the possibility of that MSL8 might operate like
MSL10, with both channel function and cell death function. In other words: is it simply
expression location – not functionality – differentiating MSL8 and MSL10? To answer this
question, I “swapped” the promoters of MSL8 and MSL10 to produce lines that express MSL10
under the MSL8 promoter and vice-versa. Creation of these plant lines allowed for the study of
MSL10 presence in the pollen and MSL8 presence more broadly throughout the plant,
particularly in the root tip and vasculature (Haswell et al., 2008). By placing these constructs in
their respective knockout mutant (i.e. MSL8pro:MSL10 into the msl8-5 background and
MSL10pro:MSL8 into the msl10-1 background), it is possible to test for rescue of the knockout
phenotype and thus determine if these two proteins are interchangeable.
After agrobacterium-mediated floral dip, selection was carried out to identify
homozygous T3 lines. Due to low fluorescence of the GFP tag, particularly via the lowlyexpressed MSL8 promoter, expression was confirmed in these lines via RT-PCR. Three msl8-5
MSL8pro:MSL10 and three msl10-1 MSL10pro:MSL8 showed expression (Figure 3.4.3A). These
“promoter swapped” transgenic plants were visibly indistinguishable from the parental knockout
lines (Figure 3.4.3B). Given that constructs expressing MSL8 under the high-level 35S promoter
failed to produce lines, but use of the MSL10 promoter allowed for easy identification of
homozygous lines, I can infer that cell death induced by MSL8 is likely expression-level
dependent with only higher expression levels resulting in death.
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Figure 3.4.3: Swapping the promoters of MSL8 and MSL10 produces stable transgenic lines. (A) Expression
confirmation of promoter swap lines using RT-PCR. Primer amplification of MSL8 + GFP (top left/leaf tissue) and
MSL10 + GFP (top right/flower tissue); both primer sets give an amplicon size of 132 bp. Actin primer positive
control (bottom); expected amplicon size of 108 bp. (B) Image of flowering plants comparing the parental knockout
lines (msl8-5 and msl10-1) to the homozygous, T3 promoter swap lines (three lines on the right). Top is msl8-5 with
MSL10. Bottom is msl10-1 with MSL8.

3.4.3. MSL10 under the MSL8 promoter does not rescue the msl8-5 phenotype
After creating the promoter swapped plant lines, I first tested if the two proteins, MSL8
and MSL10, have interchangeable functionality in pollen. To do this, I examined the pollen
hydration phenotype, which I previously showed to be defective in the msl8 null parental line
(Miller et al., 2022). If the msl8-5 lines expressing MSL10 show a WT-like phenotype, then I can
conclude that MSL10 rescues the phenotype and the proteins have some interchangeable
functionality.
For each genotype, fresh pollen was placed onto a glass bottom dish for imaging, and a
recording sequence was started before applying a small amount of deionized (DI) water directly
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onto the dish. Only pollen that remained in place and did not visibly burst were included in the
analysis. I took measurements every ∼0.5 seconds over the course of 165 seconds and used these
dimensions to estimate the volume of an approximated 3-dimensional ellipsoid shape lying on
the substrate. I then calculated the relative volume change: (initial volume − current
volume)/initial volume. As seen previously, WT and msl8-5 MSL8g pollen grains rapidly
expanded, and after about 28 s of exposure to DI water, stabilized with a final volume increase of
∼60% that did not significantly change after 165 s of exposure (Figure 3.4.4A). Both msl8-5 and
three independent msl8-5 MSL8pro:MSL10 lines all continued to slowly expand in size over the
course of hydration imaging (Figure 3.4.4A). This expansion was further confirmed via
quantification of the slope between 50 and 150 seconds where all but one of the promoter
swapped lines was significantly different from a slope of zero (Figure 3.4.4B).
Another phenotype of msl8 pollen is reduced viability after hydration (Hamilton et al.,
2015; Miller et al., 2022). MSL10 is known to induce cell death, thus it would be interesting if,
when expressed in pollen, this protein exacerbates the viability phenotype. To test this, viability
staining and quantification was performed on pollen from the promoter swapped lines. A waterbased PI-FDA stain was used to hydrate the pollen for 30 minutes before images were taken. PI
fluorescence is detectable when this molecule intercalates DNA, but only has access to the DNA
if the cell membrane is no longer intact. FDA fluorescence marks enzymatic activity in cells with
an intact membrane. Using these stains, I found that a majority of WT pollen were still intact
(thus assumed alive) post-hydration while almost 80% of msl8-5 pollen were dead (Figure
3.4.4C). The introduction of MSL8g into the msl8-5 line rescued this phenotype as 72% of the
pollen showed viability (Figure 3.4.4C). Expression of MSL10 did not rescue or exacerbate this
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phenotype as similar levels of death (~80%) were seen in all three confirmed msl8-5
MSL8pro:MSL10 lines as in the parental line, msl8-5 (Figure 3.4.4C).

Figure 3.4.4: MSL10 expressed under the MSL8 promoter does not rescue the hydration and viability
phenotypes of msl8-5. (A) Relative size change over time of hydrating msl8-5 pollen grains expressing MSL10
under the MSL8 promoter (8p10 = msl8-5 MSL8pro:MSL10-GFP) (n = 30 grains per genotype). (B) Slopes estimated
via simple linear regression for each genotype. Only the relative volume change between 50 and 150 seconds of
hydration was used to estimate slope. Asterisks indicate that the slope was significantly different from zero (marked
with a dashed line) which was determined via F test (p < 0.05). Bars are 95% CI. (C) Viability counts of msl8-5
MSL8pro:MSL10-GFP taken via hydration in a water-based PI-FDA solution (n for each genotype stated at the
bottom of each chart).
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3.4.4. MSL8N is insufficient for induction of tissue-level cell death
It has been well-established that the N-terminus of MSL10 is sufficient to induce cell
death in a manner that is separable from its function as an ion channel (Basu & Haswell, 2020;
Maksaev et al., 2018; Veley et al., 2014). To probe this possibility for MSL8, I transiently
expressed the soluble N-terminus of MSL8 in N. benthamiana leaves to see if it induces the same
degree of tissue-level cell death as full-length MSL8. At three or five DPI, expression of both
GFP-tagged full length MSL8 and GFP-tagged MSL8N under the 35S promoter was confirmed in
tobacco leaves via fluorescence imaging (Figure 3.4.5A). GFP fluorescence indicates that the
constructs are likely stable when expressed in tobacco. Attempts to express the soluble Cterminus (717-908 aa) of MSL8 never resulted in fluorescence suggesting that the construct or
the protein is unstable.
Leaves expressing full length MSL8-GFP showed highly visible browning and wrinkling,
indicating cell death (Figure 3.4.5A). Meanwhile, leaves expressing only the N-terminus
appeared green and healthy (Figure 3.4.5B), similar to the P19 negative control (Figure 3.4.1A).
This observation remained true even when the agrobacterium was infiltrated at high
concentrations (OD600 = 0.5) and the leaves were observed at later time points (5 DPI). It is
worth noting that when MSL10-GFP was transiently expressed under the 35S promoter, it did not
produce cell death visible at the tissue level (Figure 3.4.5C). Instead, the death induced by
MSL10 is visible only at the cell-level in tobacco (Veley et al., 2014). Determining if MSL8N
produces cell-level death similar to MSL10 would require viability staining and quantification,
which was not performed here. However, we can conclude that just MSL8N is not responsible for
the extreme tissue-level cell death that results from full length MSL8 overexpression.
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Figure 3.4.5: MSL8N is insufficient for induction of atopic, tissue-level cell death. Top row are fluorescence
images of abaxial tobacco leaf epidermis of plants transiently overexpressing MSL8 (A), the N-terminus of MSL8
(B) and MSL10 (C). To avoid excess cell death that would prevent cell imaging, 35Spro:MSL8-GFP was infiltrated at
an OD600 of 0.3 and imaged 3 DPI. Meanwhile 35Spro:MSL8Nterm-GFP and 35Spro:MSL10-GFP were both
infiltrated at an OD600 of 0.5 and imaged 5 DPI. GFP signal is present for all, indicating gene expression. Bottom
row are images of the adaxial surface of tobacco (N. benthamiana) leaves infiltrated with overexpression constructs
of GFP-tagged MSL8 (A), MSL8 N-terminus (B), and MSL10 (C). Photos were taken 5 DPI, and all constructs were
infiltrated at an OD600 of 0.5. The entire leaf surface was infiltrated for all.

3.4.5. MSL8 point mutation that confers a constitutively open channel results
in pollen death
The traditionally recognized function of MS channels is ion release through the channel
in response to increased membrane tension. It is possible that the cell death phenotype associated
with MSL8 is due to ion channel function. Given that MSL8 has yet to show signs of a clear,
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separable cell-death signaling function like MSL10, we next sought to determine if a
constitutively open channel results in cell death.
To do this, a series of point mutations (mutations selected and constructs provided by
Jingying Zhang, lab of Peng Yuan at Washington University in St. Louis) in the MSL8 MscS
domain were tested (Table 3.6.1) for abnormal phenotypes which could indicate a constitutively
open channel. All eight mutated versions of MSL8 as well as WT MSL8, driven by the high
pollen-specific promoter LAT52 and fused to YFP, along with the bar gene selectable marker,
were introduced into msl8-5 plants via agrobacterium-mediated transformation (i.e., floral dip).
The msl8-5 null background was used to prevent any influence of WT MSL8 on the observable
phenotypes. The first generation of transformed plants (T1) seedlings were sprayed with
phosphinothricin/Basta for selection of successful transformants. Pollen and siliques from
surviving T1 plants were examined for abnormal phenotypes, including small pollen grains and
low seed set.
One point mutation, L707A, resulted in a highly noticeable phenotype. The
transformation rate of LAT52pro:MSL8L707A-YFP was low compared to all other constructs tested.
Typically I saw >15 surviving plants per flat of Basta-sprayed T1 seed but with plants expressing
LAT52pro:MSL8L707A-YFP I saw ≤2 plants per flat (data not shown). Low transformation rates
occurred in two independent floral dips. This was surprising, as LAT52pro is primarily expressed
in pollen, and T-DNA transformation is thought to primarily occur in the ovule, after fertilization
has occurred. Thus, a pollen-lethal phenotype should not affect viability in the T1 generation and
should only appear during pollen development or fertilization to produce seed in the next (T2)
generation. However, some studies suggest that there may be low levels of LAT52pro expression
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in seed (Twell et al., 1990), and I suspect that embryo lethality is the explanation for such low
transformation rates.
In the end, I was able to isolate only five LAT52p:MSL8L707A-YFP lines. All had ~20-50%
abnormally small pollen in anthers from T1 plants (which should be a 50:50 mixture of
transformed:WT). YFP signal was seen in most of this abnormal pollen, indicating construct
expression (Figure 3.4.6B). However, fluorescence was not always clear. I assume that this
pollen is non-functional based on its shriveled appearance (abnormal pollen marked with
asterisks in Figure 3.4.6B) and autofluorescence in the dead material is difficult to distinguish
from YFP signal. I do see complete (Line 1) or near-complete (Lines 2, 3, and 5) seed set,
indicating that every egg cell in the carpel was fertilized successfully (Figure 3.4.6A, Figure
3.4.6C). Thus, either this pollen can function, or all the fertilization was from WT pollen.
To test if the pollen containing the LAT52pro:MSL8L707A -YFP construct is viable, we
examined the Basta resistance (indicating the presence of the LAT52pro:MSL8L707A-YFP
transgene) in the next generation. I found that all five LAT52pro:MSL8L707A-YFP lines had
transmission rates that were different from expected if there was no pollen defect, but with a
huge range among the lines (Figure 3.4.6D; also see Supplementary Table 3.6.2). This variation
indicates that there is likely a combination of pollen and embryo lethality with a range of
penetrance among the lines.
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Figure 3.4.6: Overexpression of MSL8 containing a gain-of-function point mutation (L707A) results in
abnormal pollen and decreased fertility. (A) T1 pollen phenotype and T1 ovule count on selection media (Basta).
ND = not done. (B) Confocal images of pollen from representative msl8-5 LAT52pro:MSL8g-YFP (left) and msl8-5
LAT52pro:MSL8L707A-YFP (right) T1 lines. Brightfield (left) and YFP (right; 488 nm excitation, 500-540 nm
emission). Asterisks mark pollen grains with shriveled phenotype. (C) Dissected siliques from the lines indicated
above in panel B. Unfertilized ovules are marked by white stars. (D) Survival of T2 seedlings on selection media
(Basta). Chi-squared test was performed against the expected ratio of 75:25.

3.4.6. MSL8 without ion channel function does not induce extreme cell death
To further characterize the role of the ion channel activity of MSL8 in cell death, a
mutated version of MSL8 lacking channel function (F720L) (Hamilton & Haswell, 2017) was
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fused to GFP and transiently overexpressed in tobacco (35Spro:MSL8F720L-GFP). At the tissue
level, a wild type MSL8-GFP overexpression transgene (35Spro:MSL8-GFP) produced browning
and dead tissue as before while the mutated version (35Spro:MSL8F720L-GFP) did not, even at
higher concentrations (35Spro:MSL8F720L-GFP OD600 = 0.5 vs 35Spro:MSL8-GFP OD600 = 0.3)
(Figure 3.4.7A). However, I noted the presence of large fluorescent bodies in the periphery of
cell expressing the mutated version (Figure 3.4.7B). These bodies were intensely concentrated
fluorescent signal which sometimes corresponded to weak GFP signal in other parts of the cell.
This may indicate a defect in proper protein folding, thus making it difficult to definitively
conclude a link between the channel function of MSL8 and its cell death-inducing properties.
When previously examined in Arabidopsis pollen, this mutation did not alter plasma membrane
localization, expression, or stability (Hamilton & Haswell, 2017).
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Figure 3.4.7: MSL8 requires channel function to produce tissue-level cell death. (A) Transient overexpression of
MSL8-GFP (left) and MSL8-GFP with a point mutation (F720L) that effectively removes channel function (middle
and right). Images were taken 5 days post infiltration and the entire leaf surface was infiltrated for all. The OD600
used for each leaf set is stated at the bottom. Cut sites are from prior tissue collection for imaging and are unrelated
to tissue death phenotype. (B) Fluorescence images of abaxial tobacco epidermis transiently overexpression of
MSL8 and MSL8F720L. GFP signal indicates gene expression.
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3.5. Discussion
Recent work on MSL channels is bringing to light the non-conducting functions and
giving roles beyond “osmotic safety valves”. A. thaliana MSL10 is a key example of this in
plants as it possesses complicated functionality and signaling within itself and potentially other
components (Basu et al., 2020; Basu & Haswell, 2020; Veley et al., 2014). My recent
observations show that MSL8 causes wide-spread cell death when overexpressed. Here, I
conducted an initial characterization of similarities between MSL8 and MSL10 as well as
performed a cursory screen of potential non-conducting functions of MSL8 as they relate to
inducing cell death.
MSL8 induces cell death and is expression-level dependent
Results presented here suggest that the ability of MSL8 to induce cell death is dependent
on expression levels, with only high and broad expression being lethal. Broad expression of
MSL8-GFP under the strong 35S promoter in Arabidopsis did not yield transgenic lines (Figure
3.4.2) but use of the weaker MSL10 promoter allowed for easy identification of homozygous
lines (Figure 3.4.3). In pollen, the strong LAT52 promoter prevents the isolation of homozygous
lines but it is not clear if this is due to cell death or a negative impact on pollen performance
without death (Miller et al., 2022). Future work should more closely examine the relationship
between MSL8 expression level, location, and death. Is death only induced by MSL8 in certain
tissues? Or at certain developmental stages? Answers to these questions may give insight to the
mechanism behind the observed death. Testing the phenotype of plants expressing MSL8 under
other promoters with varying expression levels and patterns, use of inducible promoters, as well
as quantification of transcription levels may be a good starting place.
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It is interesting to note that, unlike 35Spro:MSL8-GFP, Arabidopsis lines expressing
35Spro:MSL10-GFP can be isolated, although they have short stature and obvious lesions on their
leaves (Veley et al., 2014). Moreover, when MSL10-GFP is transiently expressed in tobacco the
resulting death is at the cell-level rather than highly visible across the leaf like it is for MSL8GFP (Figure 3.4.5). Perhaps MSL8 lacks a regulatory mechanism that keeps cell death signaling
under control in MSL10. It has been hypothesized that phosphorylation of the N-terminus keeps
MSL10 in its inactive form and, only after channel opening and a conformational change in the
C-terminus, does the N-terminus dephosphorylate to activate cell death signaling (Basu et al.,
2020). It is unclear if MSL8 has a similar regulatory mechanism, but the longer N-terminus (298
aa for MSL8 vs. 164 aa for MSL10) could be a logical place to explore potential mechanisms
(see Chapter 4). It is also possible that MSL8 has a different mode for cell death induction that is
stronger/faster, perhaps with none or fewer necessary signaling partners.
MSL8 and MSL10 do not have interchangeable functionality
By “swapping” the promoters of MSL8 and MSL10, I was able to determine that
expressing MSL10 in the pollen at presumably the same levels as MSL8 is insufficient to rescue
the msl8 null hydration or viability phenotypes (Figure 3.4.4). From this I infer that these two
MSL proteins are unique and not interchangeable. While enlightening, this is not unexpected
given the low sequence conservation outside of the MscS domain (~36% overall protein
sequence identity) (Haswell et al., 2011; Huang & Miller, 1991). MSL8 has a much longer Nterminus as well as a lower unitary conductance (57 pS) than MSL10 (103 pS) (Hamilton et al.,
2015; Maksaev & Haswell, 2012). And both MSL8 and MSL10 have longer N-termini and lower
unitary conductance compared to E. coli MscS (~300 pS) despite sharing close pore-lining
domain homology (Maksaev & Haswell, 2011; Wilson et al., 2013). My finding here supports
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the idea that the diversity in sequence and topology among MSL proteins presents unique
functionality and regulatory mechanisms that distinguish the MSL family from MscS as well as
from one another. However, it is also possible that, although MSL10 is being expressed under the
MSL8 promoter (i.e. mRNA is present), there are issues in the stability of the mRNA/protein or
the localization of the protein that is preventing proper functioning of MSL10 in pollen. A closer
examination of these lines would need to be conducted to rule out these possibilities and make
more definitive conclusions.
It is worth noting that expression of MSL10 in pollen under the MSL8 promoter did not
induce cell death, as indicated by the ability to isolate transgenic lines (Figure 3.4.3) and similar
viability as msl8-5 (Figure 3.4.4). This suggests that MSL10 is either able to stay in its inactive
form in pollen or that the cell death signaling cascade through which MSL10 functions is not
present in pollen (Basu et al., 2020; Basu & Haswell, 2020). However, one limitation of using
PI-FDA staining as a proxy for cell death, is that it requires a ruptured membrane for the PI to
enter the cell. This technique may not properly capture a pollen grain that died through a
signaling mechanism without rupture. In fact, programmed cell death – the coordinated type of
death that MSL10 induces – often must be measured using more complicated means such as
quantification of vacuolar pH, caspase-3 activity, or DNA fragmentation in order to distinguish it
from “accidental cell death” (Basu & Haswell, 2020; Locato & De Gara, 2018).
MSL8-induced cell death is likely channel function dependent
The experiments performed here suggest that cell death induced by MSL8 requires
channel function. This conclusion is based on the finding that transient expression in tobacco of
the “pore-blocked” version of MSL8 (MSL8F720L) does not result in death at levels comparable to
full-length MSL8 (Figure 3.4.7). Perhaps extra channels in the membrane causes excess ion
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release that results in cell shrinkage and death. For example, in animals, there are a class of nonmechanosensitive channels called volume-regulated anion channels (VRACs), which release
chloride in response to hypoosmotic shock (Kondratskyi et al., 2015). VRACs have been
implicated in apoptotic volume decrease which is cell shrinkage during regulated cell death.
Unlike during necrosis (i.e. accidental death), this process of ion release is part of the
activation/execution of apoptosis (Bortner & Cidlowski, 2020). While a mechanosensitive
activation mechanism would likely be at play for MSL8, a similar phenomenon could be
occurring for channel function to result in cell death.
However, there are two feasible alternative conclusions here. First, it is possible that this
“pore-blocked” variant of MSL8 is not folded properly and/or does not localize to the plasma
membrane in tobacco as suggested by the large blobs of GFP signal and faint signal elsewhere in
the cells (Figure 3.4.7B). This lack of proper localization (not lack of channel function) could be
what is preventing the induction of death. However, previous studies of this mutation confirmed
that this variant does localize properly (Hamilton & Haswell, 2017). Secondly, it is possible that
MSL8F720L still induces cell death, just at a much lower level, like what is seen in tobacco leaves
transiently expressing 35Spro:MSL10-GFP (Veley et al., 2014). A closer examination using PI
staining, DAB staining, or Trypan blue could clarify. If these lower levels of death are found,
that could suggest that there are two causes of cell death occurring, which may or may not be
additive: 1) a signaling-related induction similar to MSL10 and 2) a channel function-related
induction that is unique to MSL8.
Expression of just the N-terminus of MSL8 did not result in cell death (Figure 3.4.3).
This is a clear distinction from MSL10 where the N-terminus is sufficient to induce death.
However, staining and quantification of death at the cell-level would confirm this conclusion. A
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more intensive survey of point mutations throughout MSL8 would shed light on what part(s) of
the protein may be contributing to induction of death and whether they are separable from the
channel. It would be interesting to see if mutations in other parts of MSL8 could influence this
phenotype, such as the C-terminus which is an important channel regulator in E. coli MscS and
the location of a gain-of-function mutation (rea1 or msl10-3G) in MSL10 that activates cell
death (Basu et al., 2020; Wilson et al., 2013).
Lastly, expression of MSL8 with L707A mutation under the LAT52 promoter resulted in a
pollen phenotype consistent with highly lethal effects (Figure 3.4.6). This mutation was
identified as most likely resulting in a constitutively open channel due to its location within the
channel seal of MscS at the equivalent locations as the open channel mutations made in E. coli
MscS (A106V) and in A. thaliana MSL1 (A320V) (Deng et al., 2020; W. Wang et al., 2008)
(Figure 3.5.1). Compared to WT MSL8 under the LAT52 promoter, this presumably
constitutively open version of MSL8 resulted transgenic lines which were more difficult to
isolate and the effects on the pollen were highly visible. It appeared that even a small amount of
leaky expression (i.e. in the embryo) has deleterious effects. While this result does not prove that
channel function is what is causing the death, it does provide evidence that changes to the
channel functionality can have deleterious effects. Future work here should include confirmation
of the constitutively open status of MSL8L707A via electrophysiology as well as expression of this
variant under the native MSL8 promoter and transient expression in tobacco. It would also be
interesting to see the equivalent mutation made in MSL10.
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Figure 3.5.1: Alignment of the predicted pore-lining domains of A. thaliana MSL8, MSL10, MSL1, and E. coli
MscS. The gray highlights and arrows mark the predicted pore seal. Residues highlighted in pink are the location of
mutations in MSL8 that did not yield noticeable phenotypes (see Supplementary Table 3.6.1). Blue highlights are
where mutations were made that blocked channel function (Hamilton & Haswell, 2017; Maksaev et al., 2018). Black
highlights are where mutations resulted in (or presumably resulted in), a constitutively open channel.

3.6. Supplemental Information
Supplementary Table 3.6.1: MSL8 point mutations tested for constitutively open channel-like phenotypes.

Mutation in MSL8

Phenotype?

L707F

No

L707A

Yes

S703T

No

S703G

No

I711T

No

I711A

No

T715Y

No

T715S

No
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Supplementary Table 3.6.2: Chi-squared results of the survival of three MSL8L707A T2 lines on selectable
media. Top line is the expected survival if there is only a pollen-related phenotype which was used for comparison.

Line #
Expected if
pollen defect
Line 2
Line 3
Line 5

% Survived (number)

Chisquared

p-value

Significant?

50%

─

─

─

36% (15/41)
30% (17/55)
37% (31/84)

3.0
8.0
5.8

0.09
0.01
0.02

N.S.
*
*
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Chapter 4: The MSL8 N-terminus is
intrinsically disordered and forms in vitro
condensates
4.1. Abstract
Plant cells utilize biomolecular condensates to compartmentalize molecules in a way that
can be responsive to environmental changes. This condensate formation is often driven by phase
separation of intrinsically disordered proteins. Recent work has found that the N-termini of both
MSL9 and MSL10 are intrinsically disordered. The N-terminus of MSL9 undergoes phase
separation in low salt environments while the N-terminus of MSL10 phase separates in response
to high temperatures and in the presence of molecular crowders This chapter more closely
examines soluble parts of the MSL8 structure, particularly the N-terminus, which I found
predicted to be intrinsically disordered. Computational simulations also predicted some phase
separation. I found that the MSL8 N-terminus readily formed in vitro condensates, that this
behavior was more pronounced in the cold, and condensate formation was observed even in high
salt and at low protein concentrations. I speculate that phase separation behavior may allow for
regulation of the protein in the pollen grain as it transitions from desiccated (high osmolyte
concentration; small space) to hydrated (low osmolyte concentration; large space) conditions.

4.2. Introduction
The inside of a cell is packed with many components that must be organized for efficient
biochemical reactions. While membrane-bound organelles are effective methods of organization,
cells also utilize membrane-less biomolecular condensates to further separate the internal
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contents (Banani et al., 2017). As there is no membrane barrier in these condensates, there must
be another mechanism to concentrate and contain the molecules. Work on P-granules initially
found that phase separation is a physicochemical mechanism driving the formation of
condensates (Brangwynne et al., 2009). Phase separation is a “demixing” of a solution resulting
in areas with high concentration of a molecule surrounded by solution with low concentration of
a molecule (Boeynaems et al., 2018). Our understanding of phase separation/biomolecular
condensate formation is just beginning to develop, but there are already several examples of its
presence and relevance in plants (Emenecker et al., 2020).
For proteins, phase separation is potentially a route to environment-responsive regulation,
particularly when gene expression or degradation is not a fast enough option (Holehouse &
Pappu, 2018). For example, Arabidopsis FLOE1 phase separates in response to seed hydration
which may provide a mechanism for controlling germination (Dorone et al., 2021). Whether a
protein is in solution (one-phase) or is phase separated (two-phase) is influenced by the protein
concentration and environmental factors (Figure 4.2.1). The propensity to phase separate is
unique to each protein sequence.
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Figure 4.2.1: Idealized phase diagram for a protein. Simple schematic based on work by (Bratek-Skicki et al.,
2020) showing the hypothetical states of a protein at various protein concentrations (x-axis) against an
environmental factor (y-axis). At certain combinations of concentration and environmental condition, the protein
will develop a two-phase regime and “phase separate” (purple zone). The blue dot marks the critical point where
phase separation is no longer possible and the solution must stay homogenous, or one-phase.

To phase separate, a molecule must be able to interact with many partners and this ability
can be afforded by intrinsic disorder. Intrinsically disordered proteins (IDPs) have no fixed
tertiary structure and instead take on many different conformations which can sometimes allow
them to interact with a variety of binding partners in an environment-dependent manner
(Oldfield & Dunker, 2014). It is important to note that not all IDPs have the propensity to phase
separate and not all phase separating proteins are disordered. Some ordered proteins with “sticky
patches” can also drive phase separation (Choi et al., 2020). The main requirement for phase
separation is promiscuous and responsive binding which depends not on the degree of tertiary
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structure, but on the multivalency – the ability to interact with multiple partners (Martin &
Holehouse, 2020). Nevertheless, many IDPs have been found to drive biomolecular condensate
formation in plants (Emenecker et al., 2020).
We recently found evidence that there are intrinsically disordered regions of some
mechanosensitive (MS) ion channels, which are transmembrane proteins that open in response to
membrane stretching. MS channels serve as a molecular mechanism for sensing mechanical
force such as a change in osmotic condition that results in cell shrinkage or swelling. Here we are
interested in the family of MS channels called MscS-Like (MSL)s which are expressed across
most plant cell types and have homology to the E. coli MscS channel (Basu & Haswell, 2017).
There are ten proteins in this family (MSL1-10) in Arabidopsis and each form multimeric
channels in the plasma membrane or in organellar membranes. MSL proteins have a variety of
expression patterns, subcellular localizations, and biological functions. Outside of the MscS-like
channel lining domain, there is little sequence conservation between the 10 members of the MSL
family (Wilson et al., 2013). However, at least for MSL8 and MSL10, there are six
transmembrane domains and three soluble domains: the C-terminus, a section between the 4th
and 5th transmembrane domain, and the N-terminus.
Our inability to crystallize the soluble N-terminal domain of MSL10, has recently led to
the finding that it is intrinsically disordered (Flynn et al., in prep). It was also found that it
undergoes phase separation in response to high temperatures and in the presence of molecular
crowders (Flynn et al., in prep). In plants, MSL10 potentiates signaling for programmed cell
death (PCD) after a hypoosmotic shock in a manner that is dependent on the phosphorylation
status of the N-terminus (Basu & Haswell, 2020). We speculate that the propensity of the
MSL10 N-terminus to phase separate is allowing it to potentiate the signaling responses in a way
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that is environment-dependent. More specifically, MSL10N is in a condensed form when the cell
is in standard conditions then, upon hypoosmotic shock, MSL10N transitions to an expanded
form. Once in this expanded form, the region is available for dephosphorylation by phosphatases
and downstream signaling can occur (Flynn et al., in prep). Moreover, unlike MSL10, MSL9
undergoes phase separation in response to low salt conditions, indicating that there is some
variation in the phase diagrams of MSL N-termini.
Meanwhile, MSL8 is a pollen-specific MS channel that maintains pollen viability during
hydration and germination, potentially through non-osmoregulation-related effects on the cell,
such as cell wall strengthening (Hamilton et al., 2015; Hamilton & Haswell, 2017; Miller et al.,
2022; Wang et al., 2022). Pollen hydration is required during pollination to reactivate the
desiccated pollen grain for germination and tube growth after it reaches the female part of the
flower (Pacini & Dolferus, 2019). Rapid hydration presents a unique cellular environment as the
contents of the pollen grain undergo a significant change in both size and water concentration. It
is possible that the MSL8 N-terminus, like the N-termini of MSL9 and MSL10, has a propensity
for phase separation which could allow for protection of the protein in the desiccated pollen
environment or environment-dependent regulation of the protein function. The following chapter
is a preliminary examination of the biophysical properties of the MSL8 N-terminus.

4.3. Materials and Methods
Computational Analyses: For full length MSL8, all amino acids (1-908 aa) were placed into the
online servers while only amino acids 1-298 were used for the MSL8 N-terminus (sequences
obtained from TAIR). Predictions of intrinsic disorder were performed using the webserverbased predictor, MetaPredict (Emenecker et al., 2021). Topology predictions were performed
using DeepTMHMM (Hallgren et al., 2022). The CIDER (Holehouse et al., 2017) webserver was

94

used for Das-Pappu plot generation and calculation of κ-values. Other protein parameter values
were determined using ProtParam (Wilkins et al., 1999) and Prot pi (https://www.protpi.ch/). For
phase separation prediction, the online predictors, PLAAC (Lancaster et al., 2014) and PSPer
(Orlando et al., 2019) were used. The in silico simulations of phase separation propensity were
created and run in-house by Alex Holehouse and Ryan Emenecker (Washington University in St.
Louis).
Protein Expression and Purification: E. Coli strain DE3 (Rosetta) chemically competent cells
were transformed with pET-26b(+) plasmids containing the gene for the protein domain of
interest (MSL8N or MSL9N). Overnight cultures were diluted into sterilized LB media and
incubated with shaking at 37°C until reaching an optical density at 600 nm (OD600) of
approximately 0.5. 1 mM isopropyl β-d-thiogalactopyranoside (IPTG) was added to the grown
cultures, and protein induction was carried out at 37°C with shaking for 2 hours. Cultured cells
were flash frozen prior to storage at -80°C.
For protein purification, each pellet was thawed over ice and resuspended in 50 mL of
lysis buffer (50 mM sodium phosphate, 1 mg/mL lysozyme, 0.25% Tween 20, 300 mM NaCl,
and 10 mM imidazole; supplemented with 0.1 mM PMSF, 3 µM Leupeptin, and 1 µM
Pepstatin). Resuspended pellets were incubated on ice for 30 minutes and then sonicated 5-10
times (1 second pulses, 50% amplitude, 10 second timer) until pale yellow in color, and the
remaining pellet was spun down. For MSL8N, an insoluble prep was performed on this pellet
(see below). For MSL9N, the resulting supernatant was added to tubes containing HisPur NiNTA
resin (Thermo Fisher Scientific) and rocked for 30 minutes at 4°C. Supernatant was removed and
resin was washed three times. Protein was eluted with elution buffer (50 mM sodium phosphate,
300 mM NaCl, 250 mM imidazole).
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The pellet containing MSL8N inclusion bodies was solubilized into a resuspension buffer
containing 6 M GdmCl, 20 mM Tris, and 15 mM imidazole (pH 7.5) using sonication (3 times, 1
second on and 2 seconds off, 30% amplitude, 1 min timer). The resulting suspension was then
clarified via centrifugation (35,000 x g for 45 min). The lysate was applied to HisPur NiNTA
resin (Thermo Fisher; Cat#88221) in a gravity column for 10 min, the solution was then
collected and run through again before saving as “flow through”. The column was washed with
buffer containing 20 mM Tris, 30 mM imidazole, and 4 M urea (pH 7.5) until protein was no
longer detected via blue coloration in Bradford reagent droplets. Protein was eluted using an
elution buffer containing 20 mM Tris, 350 mM imidazole, 4 M urea (pH 7.5). All eluates were
stored at 4°C overnight before further sample preparation steps took place. For eluates placed in
long term storage, 50% glycerol was added to eluates to achieve a final sample containing 10%
glycerol before flash freezing in liquid nitrogen and storing at -80°C.
Sample preparation and microscopy for in vitro condensate imaging: The purities of fractions
were assessed via Coomassie staining before pooling desired fractions and concentrating with
0.5 mL Peirce PES concentrator columns (Thermo Fisher; Cat#88513). For unlabeled protein,
samples were buffer swapped into 200 mM NaCl, 20 mM Sodium Phosphate using 0.5 mL Zeba
spin desalting columns (Thermo Fisher; Cat#89882) immediately before imaging.
For labeled protein samples, both MSL8N and MSL9N were placed in a high salt storage
buffer (1 M NaCl, 200 mM Sodium Phosphate) using gravity PD-10 desalting columns (GE
Healthcare). The protein was labeled with Alexa Fluor 647 NHS (Invitrogen; Cat#A37573) per
manufacturer’s recommendations. Any MSL8N condensates that formed in the cold during
labeling were spun down via centrifugation and removed. Labeled protein was aliquoted before
flash-freezing and storing at -80°C. Labeled and unlabeled variants of a given His-tagged protein
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were mixed in a molar ratio of 1:400. In a 1.7 mm deep silicon isolator well (Grace Bio-Labs;
SKU#665201) adhered to a standard microscope slide, protein in 200 mM NaCl, 20 mM sodium
phosphate, pH = 7.5 was diluted with 20 mM sodium phosphate to achieve the desired
combination of NaCl and protein concentration. Mounted samples were then imaged
immediately using the 20X objective of a Nikon T2i microscope confocal microscope at room
temperature or with an added ice pack to cool the sample to 4°C. Image brightness and contrast
were adjusted (equivalently for all images) to improve visibility of condensates.

4.4. Results
4.4.1. MSL8 N-terminus is predicted to be disordered
To begin understanding the properties of the MSL8 N-terminus, I first took an in silico
approach to see if this part of the protein could have inherent properties that make it uniquely
responsive to environmental conditions. Using the online protein disorder prediction software,
MetaPredict, we found that, similar to MSL9 and MSL10, the N-terminus of MSL8 is predicted
to be highly disordered based on the disorder consensus score (Emenecker et al., 2021). As
expected, the transmembrane domain, including the pore-lining/MscS domain in the sixth
transmembrane domain, are predicted to be highly ordered (Figure 4.4.1A and Figure 4.4.1B).
There are two smaller sections predicted to be disordered: the middle soluble part of the protein
between the fourth and fifth transmembrane domain as well as the end of the C-terminus.
However, these regions were not included in the analysis presented here.
MSL8 N (1-298) is almost twice as large as MSL9 N or MSL10 N (Figure 4.4.1A, Figure
4.4.1C). MSL8N also has a more negative charge and a lower isoelectric point, which could
indicate that the tertiary structure MSL8N is sensitive to a different range of environmental
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conditions. MSL8N is the most hydrophilic (negative GRAVY score) (Figure 4.4.1C). All three
MSL N-termini have similar charged residue mixing (kappa) and they fall in the same Janus
sequence category on the Das-Pappu plot, indicating that the protein structure is heavily
dependent on the environmental context (Figure 4.4.1C and Figure 4.4.1D) (Das & Pappu,
2013). Based on the results of this in silico analysis, it seems likely that the structure of MSL8N
is intrinsically disordered.

Figure 4.4.1: MSL8 N-terminus is predicted to be disordered. (A) Predicted disordered regions along full-length
MSL8, MSL9, and MSL10. Disordered scores were estimated using MetaPredict. Residues with scores higher than
0.5 (dashed line) are likely to be disordered. The N-terminus and MscS domain for each protein are approximately
aligned and marked above the charts. (B) Diagram of full-length MSL8 topology. The topologies were predicted
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using DeepTMHMM. Each amino acid is depicted as a circle with residues predicted by MetaPredict to be
disordered highlighted in black. Residues in the conserved MscS domain are dark gray. TM = Transmembrane
domain. (C) Table of MSL8/9/10 N-terminus sequence properties. Parameter values were estimated using CIDER,
ProtParam, and Prot pi. (D) Das-Pappu phase plot for MSL8 N-terminus (dot in the Janus sequence region). Plot
obtained using the CIDER online analysis tool.

4.4.2. An in silico model of the MSL8N predicts some phase separation
The finding that MSL8N is predicted to be intrinsically disordered means that this
sequence may also undergo phase separation, although not all IDRs possess this property (Martin
& Holehouse, 2020). As a first step towards determining if MSL8N can phase separate, we again
used computational prediction programs. Many types of IDPs form condensates but one common
type is prion-like proteins (i.e. proteins that have prion-like domains). I used the online
prediction software, Prion-Like Amino Acid Composition (PLAAC) (Lancaster et al., 2014).
This software prediction is based primarily on amino acid polarity and charge. Sequences
enriched with polar, uncharged amino acids are predicted to be prion-like. This program
predicted a small section of MSL8N starting around the ~200th amino acid to be slightly prionlike (Figure 4.4.2A). However, compared to an Arabidopsis protein with confirmed prion-like
properties – FLOE1 (Dorone et al., 2021) – the score is low, thus it is unlikely that MSL8N has a
domain of this nature.
Next, we used the PSPer online prediction software to determine if there are any clear
regions of MSL8N with predicted phase separation/condensate formation-related properties. This
program confirmed the high predicted level of disorder (Figure 4.4.2B). But, in contradiction to
the PLAAC results, PSPer predicted a prion-like domain at the beginning of the sequence.
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Furthermore, it predicted a short RNA recognition motif around the 200th amino acid mark,
which is where PLAAC had placed the weak prion-like domain. While interesting, these results
are somewhat difficult to interpret and inconclusive, particularly given the conflict with PLAAC.
Rather than relying on a generic algorithm-based prediction software, we ran a simulation
of MSL8N phase separation propensity to establish an overall idea of the interactions specific to
the protein sequence. This allowed us to test environmental conditions that are biologically
relevant, such as the change in available space inside of a pollen grain before and after hydration.
In this simulation, each amino acid was simulated as a bead, each of which was given a different
color in the visualization. Each chain of beads was the MSL8N protein sequence and fifty chains
were used in each simulation. Three simulations were run: 1) The protein chains with no
pairwise amino acid interactions was equilibrated in a small area which was then expanded to be
64 times larger. This acts as a negative control as there should be no condensate formation
without these interactions, 2) The MSL8N protein chains in a small area which was expanded to
be 8 times larger , and 3) The chains once again starting in a small area which was expanded to
be 64 times larger (Figure 4.4.2C). For each simulation, 8,000 steps were run, each with 100,000
substeps. Compared to the simulation without pairwise amino acid interactions, the two
simulations with amino acid interactions maintained a tighter structure when the box was
expanded (Figure 4.4.2C). Qualitatively speaking, these observations suggest that the
intrinsically disordered MSL8 N-terminus interacts with itself, thus is predicted to phase
separate.

100

Figure 4.4.2: Prediction software and an in silico model of MSL8N predicts some phase separation. (A) Output
of Prion-Like Amino Acid Composition (PLAAC) online prediction software for the N-terminus of MSL8 (top) and
full-length FLOE1 (bottom). The red line indicates the prion-like score, with 1 being more prion-like while the black
line is a measurement of how background-like the sequence is. The colored bar at the bottom of each graph shows
the amino acid composition with blue colors being more polar and uncharged (B) Results of the PSPer online
prediction software for MSL8N. RRM = RNA Recognition Motif; PLD = Prion-Like Domain. (C) Simulation of
phase separation propensity for MSL8N. Small box = 30 x 30 x 30; Medium box = 60 x 60 x 60; Large box = 120 x
120 x 120. The far-left panels are a negative control with no pairwise amino acid interactions and there are 5,000
steps, with 100,000 sub-steps between the top and bottom panel. The middle panel and far-right panel are
simulations of MSL8N with amino acid interactions. For these two simulations, there are 2,000 equilibration steps
and 8,000 simulation steps (each step with 100,000 sub-steps) between the top and bottom panels.
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4.4.3 In vitro observation of MSL8N reveals temperature-sensitive phase
separation
The next step in understanding the phase separation propensity of MSL8N was in vitro
phase separation experiments with purified protein. I first attempted to purify MSL8N using the
same soluble protocol as was used for MSL9N and MSL10N (Flynn et al., in prep), but it was
retained in inclusion bodies in the pellet (Figure 4.4.3A). To overcome this issue, we performed
a secondary preparation on the inclusion body-containing pellet fraction using a protocol
designed for insoluble proteins which was provided by Matthew King (lab of Rohit Pappu at
Washington University in St. Louis). With these heavily denaturing buffers (see Materials and
Methods for buffers used), we were able to successfully remove and purify MSL8N from the
pellet (Figure 4.4.3A). A larger protein band around 99 kDa, which is exactly three times larger
than a single MSL8N protein, was consistently found across all elutions (Figure 4.4.3A). This
could indicate trimer formation, but it is difficult to completely rule out unrelated forms of
contamination.
The purified protein was placed into a high-salt storage buffer and then labeled with
Alexa Fluor NHS Ester for fluorescence imaging. When we exposed these tubes containing this
high-salt protein solution to cold temperatures (4°C), the solution became turbid, suggesting
visible condensate formation (Figure 4.4.3B). This turbidity was partially reversible after return
to room temperature.
Using fresh, room temperature protein samples, we imaged a mix of fluorescently labeled
and unlabeled protein in buffers with varying salt concentration. Due to the insoluble preparation
protocol, MSL8N was at a lower concentration than MSL9N, which was purified via soluble
preparation. Both MSL8N and MSL9N formed in vitro condensates at low salt concentrations (25
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mM NaCl), however, MSL8N showed higher affinity for phase separation compared to MSL9N
even at much lower protein concentrations (Figure 4.4.3C). In high salt conditions (100 mM
NaCl) and low protein concentrations, there were large networks of MSL8N (Figure 4.4.3C). This
observation suggests that the driving force for phase separation is stronger for MSL8N than
MSL9N.
Lastly, due to our observations of the turbid MSL8N protein solution at 4°C, we looked
more closely at the effects of temperature on putative condensate formation. To do this, the
protein and salt concentrations were kept consistent for each sample, but half the samples were
kept at room temperature (Figure 4.4.3D, upper panels) while the other half were placed in ~4°C
(Figure 4.4.3D, lower panels). We observed clearly larger in vitro condensates in the MSL8N in
cold temperatures compared to room temperature. Meanwhile, the MSL9N had minimal response
or even appeared slightly more soluble when exposed to cold. This confirms our observation that
MSL8N phase separates in vitro in a temperature-sensitive manner.
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Figure 4.4.3: In vitro observation of MSL8N reveals temperature-sensitive phase separation. (A) Coomassie gel
of samples taken during two MSL8N purifications; one soluble prep and one insoluble prep. WCL = Whole Cell
Lysate; SN = Supernatant; FT = Flow-Through. The asterisk marks a likely MSL8N trimer (~99 kD), which was
consistently found across elution samples. (B) Image of tubes containing purified MSL8N. The tube on the left was
placed at room temperature while the tube on the right was placed in 4°C and became turbid (outer water
condensation removed). (C) Fluorescence images of His-tagged MSL9N and MSL8N in increasing levels of salt in 20
mM sodium phosphate (left). Protein concentration is in the upper left of each image. (D) Fluorescence images of
MSL9 and MSL8 N-terminus at room temperature (upper) and 4°C (lower). The samples in these images are in 50
mM NaCl, 20 mM sodium phosphate. The protein concentration of MSL9N is at ~10 µM and MSL8N is at ~2.5 µM.
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4.5. Discussion
This chapter presents a preliminary investigation into the propensity of MSL8 to phase
separate in response to changing environmental conditions. In silico analyses predicted that the
N-terminus is intrinsically disordered, and in vitro experiments showed that the MSL8 Nterminus phase separates in a manner that is unique from previously characterized MSL9N and
MSL10 N. Phase separation of MSL8 could be playing a variety of biological functions in pollen,
including regulation of channel function and protection of the protein in the desiccated pollen
grain, which is discussed below.
Implications of intrinsic disorder in MSL N-termini
The N-termini of MSL8, MSL9, and MSL10 were all predicted to be intrinsically
disordered, which is a sequence-determined flexibility in the three-dimensional protein structure
(Figure 4.4.1). Disordered proteins often have a simple sequence with a large number of charged,
hydrophilic amino acids and a low number of bulky, hydrophobic amino acids (Wright & Dyson,
2015). This prevents the protein from forming a stable conformation that is relatively insensitive
to environmental changes. Besides a propensity for phase separation (discussed below), one
primary implication for protein disorder is the potential to interact with a variety of partners in a
variety of conformations.
For MSL8, it is easy to speculate how multiple binding partners could influence its
functionality. MSL8, like all MSLs, forms a multimeric channel, so the monomer must be able to
bind with itself. Moreover, MSL8 might form heteromers with MSL7, its close homolog.
Heteromeric channel formation has been seen in other ion channels (for examples, see (Bai et al.,
2008; Criado et al., 2012)). It was proposed that MSL9 and MSL10 form heteromeric channels
after conductance differences were observed between WT channels and those found in plants
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lacking MSL10 or MSL9 (Haswell et al., 2008). However, mating-based split-ubiquitin yeast
two-hybrid assay suggests that MSL10 only interacts with itself, not MSL9 (Basu et al., 2020;
Veley et al., 2014). Using electrophysiology, yeast two-hybrid, and recombinant MSL7 and
MSL8 protein, it would be possible to determine if MSL7-MSL8 heteromeric channels can form.
It remains to be seen if or how the N-terminus is functioning in the initial formation or
maintenance of the MSL multimeric channel structures. Besides itself and other MSLs, MSL8
may also be interacting with signaling partners. Our recent work on pollen germination and tube
growth has found that MSL8 is likely playing a role in the cell wall integrity pathway (Wang et
al., 2022). While the nature of MSL8’s interactions in this non-linear pathway has yet to be
clarified, an ability to bind multiple partners could be providing its ability to both accept and
transmit feedback.
Phase separation properties of MSL8N are distinct from those of other MSL N-termini
Phase separation results in locations of dense, highly concentrated material held together
by noncovalent cross-links, often referred to as “biomolecular condensates” (Holehouse &
Pappu, 2018). While intrinsic disorder is often an indicator that a protein might be a driver of this
phase transition, it is actually multivalency – or the ability to interact with a variety of partners –
that is the true driver (Martin & Holehouse, 2020). Thus, here we were careful not to equate
disorder with phase separation. After predicting disorder, we used online software to see if any
domains of MSL8N are likely to drive phase separation (Figure 4.4.2A-B). The results of this
analysis did not offer much insight. Because of these contradictions, it is clear more progress is
needed in the field to make accurate computational-based predictions possible. Besides general
characterization of more phase separating proteins, more meta-analysis and machine learning-
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based prediction programs could enhance the prediction results, similar to approaches being
taken for intrinsic disorder prediction (Emenecker et al., 2021; Ruff & Pappu, 2021).
To overcome the current limitations of algorithm-based prediction software, we also used
simulations to see if MSL8N could be staying in a condensed form during the transition from a
crowded space to and uncrowded space (Figure 4.4.2). This was more enlightening since it
allowed us to examine the protein in the conditions expected of a desiccated pollen grain
undergoing hydration. The conditions tested were kept simple in this study because the approach
is computationally expensive. However, future work should examine the molecule movement
over a longer time period and across more environment conditions, such as temperature or
osmolyte concentration. The phase separation propensity of full-length MSL8 protein should also
be tested. Development of simulations such as this one could be a route to quickly characterizing
more IDP’s, particularly those that are difficult to purify in vitro.
Lastly, we used in vitro observations of purified protein to confirm that the intrinsically
disordered N-terminus of MSL8 undergoes phase separation. We found that it readily forms
condensates at low concentrations and in a variety of salt conditions, even more so than MSL9N
(Figure 4.4.3). MSL8N required extra steps to remove the protein from inclusion bodies while
MSL9N was soluble when expressed in E. coli. It is possible that the larger size affords it more
places to bind to itself, thus making it “stickier” and more prone to phase separation. Another
interesting finding is that MSL8N phase separates in response to cold temperatures. Neither
MSL9N nor MSL10N phase separated in response to cold temperatures, however, our work on
MSL10N using circular dichroism found that it phase separates at warmer temperatures (Flynn et
al., in prep). Future work should test MSL8N in warmer temperatures – an opposite response (i.e.
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becoming more solubilized) could be indicative of interesting features that further distinguish
MSL8 from MSL9 and MSL10.
Possibility of environment-dependent protein regulation via MSL8N phase separation
From the results presented here, we can conclude that MSL8N undergoes phase separation
in vitro, however, work remains to be done to understand the biological relevance of this
observation. Luckily, recent studies on biomolecular condensates in plants offer some insight
into the possibilities of phase separation as an “environmental switch” to regulate MSL8 channel
function. There are two main environmental conditions identified here that could be influencing
MSL8-driven phase separation: desiccation and cold temperature.
Looking at the effect of desiccation on phase separation, Dorone et al. recently identified
a prion-like protein, FLOE1, in seeds that phase separates in a hydration-dependent manner
(Dorone et al., 2021). The authors found that the protein is soluble in water limited conditions.
They speculate that the soluble state allows FLOE1 to prevent germination through a molecular
mechanism yet to be determined. Then, upon hydration, FLOE1 forms condensates which
removes the germination suppression. Due to this environment-dependent phase transition, the
seed can “sense” the water and germinate only after proper hydration. Given that pollen grains
also move from a desiccated state to a hydrated state, condensate formation may allow for
regulation of MSL8 in a similar hydration-dependent manner. Based on work conducted here, I
find it most likely that MSL8N phase separates in the hydrated state as it formed condensates in a
low salt buffer. The high salt storage buffer, which kept MSL8N soluble, could be considered a
proxy for a desiccated pollen grain with elevated osmolyte concentrations; however, more work
is needed to clarify if MSL8N forms condensates in the desiccated state and/or the hydrated state
in vivo.
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Given that MSL8N formed condensates in the cold, another possibility is that its phase
separation in pollen is regulated by temperature. Indeed, at least one Arabidopsis protein,
EARLY FLOWERING (ELF) 3, has been found to phase separate in response to warm
temperatures, thus acting as an effective “thermosensor” (Jung et al., 2020). However, it is not
clear how thermosensing would be utilized to regulate protein function in a pollen grain. Mature,
desiccated pollen are generally considered to be less temperature sensitive than developing or
germinating pollen because they are in a metabolically inactive state (Mesihovic et al., 2016;
Pacini & Dolferus, 2019). In fact, cold temperatures can be used to preserve desiccated pollen as
it solidifies the cytoplasm further (Pacini & Dolferus, 2019). It is possible that the phase
separation we see in cold temperatures is not regulatory, but instead an adaption of the MSL8
protein to withstand the harsh conditions that desiccated pollen endures. Perhaps forming
condensates helps preserve the protein so it is intact and available as soon as the pollen grain is
rehydrated.
Whether MSL8 phase separation in vivo is regulated by cellular hydration, environmental
temperatures, or both, it is also important to consider how this phase separation impacts the
biological function. As stated above, this phase separation property could help MSL8 withstand
the desiccated and/or extreme temperatures in a mature pollen grain. Another possibility is that
condensed MSL8 could keep the protein out of the membrane to prevent excess channel
function. Keeping the protein in the cytoplasm may also regulate signaling with interactors –
either by pulling it into the cytoplasm near the interactors or tucking it into condensates away
from the interactors. Lastly, studies in animal cells have suggested that phase separation of
proteins at the membrane may result in membrane bending which could influence the degree of
channel function (Yuan et al., 2021).
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Conclusions
The utility of biomolecular condensates has been known for almost 200 years, since early
characterization of the nucleolus (Lafontaine et al., 2021), but the importance and regulation of
protein-driven phase separation that contributes to this condensate formation is just beginning to
take shape, especially in plants (Emenecker et al., 2020). Work here shows that the soluble and
disordered N-terminus of a pollen-specific MS channel has the propensity to phase separate in
vitro. Future work should examine the functionality of other sections of MSL8 predicted to be
disordered, including the soluble domain between TM domains 4 and 5 and a small section of the
C-terminus (Figure 4.4.1). It will be fascinating to see if and how the inherent properties of this
protein work alongside the channel function to maintain pollen viability.
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Chapter 5: Conclusions and Future
Directions
As an essentially “neighbor-less” plant cell, pollen is a unique mechanical system that
plays a crucial role in reproduction. For successful fertilization to occur, the pollen grain must be
able to sense and respond to the mechanical forces that impact it, like rapid hydration. Here I
sought to understand the function and regulation of a mechanosensor in pollen – the
mechanosensitive ion channel, MSL8. Using a mix of computational, genetic, imaging, and
biochemistry techniques, I have begun to explore the complicated functionality and structure of
MSL8. Throughout this thesis it has become clear that MSL8 has properties that allow it to
endure and function in the unique cellular environment of a pollen grain.

5.1. Non-osmoreguatory roles of a mechanosensitive ion
channel in pollen
In Chapter 2, we used mathematical modeling alongside in vitro experimentation to test
the osmoregulatory role of MSL8 during pollen hydration. We found that, although ion channel
function is needed, MSL8 is likely not maintaining pollen viability through effective
osmoregulation (Miller et al., 2022). This was a surprising result as it contradicts the established
function of MS channels as “osmotic safety valves” (Booth & Blount, 2012; Hamilton et al.,
2015; Kung et al., 2010; Martinac et al., 2020). Instead, we propose that MSL8 ion channel
function is either being restricted through time or membrane tension-regulated inactivation or the
ion release through the channel is affecting the cell wall rather than modulating osmotic
potential. The question remains if the inability to osmoregulate is a result of the desiccated state
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of the pollen grain. Could the dry plasma membrane have altered membrane tension diffusion,
thus reducing the ability of the channel to release ions for effective osmoregulation?
Importantly, our findings here reinforce the idea that plant cell mechanics must consider
two cellular components: the protoplast and the cell wall. By describing an MS channel as an
“osmotic safety valve”, the attention is on how mechanostasis is maintained through the
protoplast, without considering the cell wall. It is becoming clear that MSL8 is likely impacting
the cell wall, but the nature of this relationship remains unknown. Future work on cell
mechanics, including the role of mechanosensors, must consider this intricate relationship and
recognize the limitations of traditional genetics approaches, particularly when a cell can
compensate for mechanical changes in a multitude of ways. Attempts to identify a cell wall or
ion channel mutant with a hydration phenotype similar to msl8-5 were unsuccessful (fra1,
Appendix Figure 1; gh17b, Appendix Figure 2; pme48, Appendix Figure 3; slah3 almt12,
Appendix Figure 4; tod1-2, Appendix Figure 5). This lack of relevant phenotype could be due to
the pollen grain altering mechanics to account for deficiencies during development or during
hydration. Also, it is possible that some of the mutated genes are only functionally relevant in
pollen tubes, particularly TOD1, SLAH3, and ALMT12 (Chen et al., 2015; Gutermuth et al.,
2013).
Future Direction: Is MSL8 ion channel function strengthening the cell wall?
A strategic approach to understanding how MSL8 could be impacting the cell wall should
include examining components of the cell wall and how a change in the apoplast environment
could impact those components, particularly during the rapid process of pollen grain hydration.
The main components of the cell wall include: cellulose, hemicellulose, pectin, and callose
(Lampugnani et al., 2018). It is unlikely MSL8 would be impacting the deposition of these
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components since the protein is only found in tricellular and mature pollen, which is after the
intine wall is laid down (Cascallares et al., 2020). However, modification of the interactions
between these components post-deposition gives the cell wall tunable mechanical properties
(Codjoe et al., 2022). For example, noncovalent interactions between cellulose and hemicellulose
– which are hypothesized to occur at “biomechanical hotspots” – could be impacted by a change
in pH or anion concentrations provided by MSL8 (Nili et al., 2015; Zhao et al., 2014). Changes
in ion concentration/pH may affect other components. For example, pectin has water-absorbing
properties and they form reversible gels through crosslinking with divalent calcium (Bidhendi &
Geitmann, 2016; Peaucelle et al., 2012). We know that MSL8 has slight preference for anions,
but it remains to be seen what type of ions are present inside a desiccated/recently-hydrated
pollen grain (Hamilton et al., 2015). Identification of what ions are being released and which are
being brought in (such as Ca2+) through MSL8 would be useful for narrowing down which
component(s) could be affected. Moreover, identification of a cell wall mutant that has an msl8like phenotype would be informative. So far, none tested (fra1, Appendix Figure 1; gh17b,
Appendix Figure 2; pme48, Appendix Figure 3) have shown a similar hydration phenotype.
However, care must be taken when teasing apart components of the cell wall as the loss of one
component can drastically affect another (Codjoe et al., 2022).
Ignoring complicated cell wall interactions for now, one initial approach to testing the
relationship between MSL8 and cell wall mechanics is direct probing of the cell wall with atomic
force microscopy. This technique could identify any inherent stiffness differences in both
desiccated and hydrated grains, with and without MSL8. Also, mathematical models that include
both hydration kinetics (like the one presented in Chapter 2) and complex cell wall properties
may also be useful. There are several starting places as groups have modeled the effect of
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apertures on pollen volume during hydration/desiccation (Božič & Šiber, 2020, 2022; Katifori et
al., 2010). See the appendix for a review on recent techniques in plant cell mechanobiology,
including force microscopy and modeling, which may be of use for exploring the relationship
between MSL8 function and cell wall mechanics.

5.2. MSL8 can provide both life and death
It is well-established that MSL8 is needed to maintain pollen viability, but it is now clear
that MSL8 can also cause death if left unchecked. In Chapter 3, I performed initial
characterization of the cell death induced by MSL8. My results show that when MSL8 is
overexpressed broadly through the plant – both transiently in tobacco leaves and under a highly
expressing promoter in Arabidopsis – cell death occurs (Figures 3.4.1 and 3.4.2). Thus, native
MSL8 expression is low and restricted to the pollen which allows for maintenance of pollen (and
overall plant) viability. However, if the ability to trigger cell death signaling is an inherent
property of MSL8, then even a small amount of MSL8 should be able to induce death. It is
possible there is a method to regulate MSL8, which gets overrun when there is too much MSL8
protein. One regulation method could be provided by non-channel parts of the protein, such as
the N-terminus similar to the regulation of MSL10 (Basu et al., 2020). Another possibility to
explain MSL8-induced cell death is a tissue difference. Perhaps the signaling partners necessary
to induce cell death are not present in the pollen grain, but they are present in the leaf and other
tissues. When MSL8 is contained in the pollen grain (like it is when expressed under its
endogenous promoter) no death occurs.
We also show here that MSL10 and MSL8 do not have interchangeable functionality
(Figure 3.4.4). It is interesting to consider how the different cellular environments may influence
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this difference between MSLs. In particular, is MSL10 able to maintain proper form after
undergoing desiccation and rehydration? How does the dry state of the pollen membrane affect
it? Also, it will be crucial to determine if MSL8 functions in place of MSL10 – if it can, this
could possibly indicate sensitivity of MSL10 to the pollen grain environment and a resiliency of
MSL8.
Future Direction: Is cell death a function or a side effect of MSL8?
One outstanding question here is whether the cell death we are observing when MSL8 is
overexpressed is an actual function of MSL8 or simply artifactual. If this is a true function of
MSL8, we could expect there to be a signaling like in a programmed cell death (PCD) response.
Future experiments should clarify this by testing for the hallmarks of programmed cell death, as
for MSL10 (Basu & Haswell, 2020). This could include the TUNEL assay, Caspase-3 assay,
measuring vacuolar pH, and characterizing the type of PCD through marker gene expression
analysis. Another experiment that may hint at any cell death signaling is more closely examining
the tissue when MSL8 without channel function or just the MSL8 N-terminus are transiently
expressed. In the work presented in Chapter 3, there was no visible cell death caused by these
two variants, however, the cell death caused by MSL10 must be quantified on the cell-level
(Veley et al., 2014). If this cell-level death is present, it could indicate that MSL8 has a similar
functionality that is being obscured by the channel function-induced death. Data presented in
Chapter 3 suggest that a constitutively open MSL8 channel is lethal, thus supporting a channel
function-induced death mechanism. Electrophysiology needs to be performed on this mutated
version of MSL8 to confirm it as constitutively open.
Also, if cell death signaling is a true function of MSL8, are other parts of the protein
conferring any type of regulation? A logical place to begin would be the N-terminus as this

115

region. My initial study suggests that the N-terminus of MSL8 is insufficient to induce cell death
on its own (Figure 3.4.5), but the possibility that it regulates the protein function remains. An
initial approach to probe this idea would be to create a series of MSL8 variants with shorter and
shorter N-termini and determine any difference in biologically-relevant function through the
pollen hydration assay. Much of what we know about MSL10 cell death signaling was obtained
using gain-of-function mutants (Basu et al., 2020; Basu & Haswell, 2020; Veley et al., 2014). It
would be intriguing if a similar mutation as msl10-3G could be made in the C-terminus of
MSL8. If this was found, it could indicate a signaling and regulation system similar to what
controls MSL10 (Basu et al., 2020).
Future work should include another MSL promoter swap experiment between MSL7 and
MSL8. These two genes are tandem on chromosome 2 and the proteins have close sequence
homology (~66% shared identity) but the function of MSL7, which is only present in the stigma
and pollen tubes, has yet to be determined (Huang & Miller, 1991; Wang et al., 2022). If MSL7
expression in the mature pollen grains could rescue msl8 null phenotypes, this could be an
insightful look at potential functionality of MSL7.

5.3. Implications of phase separation on protein function
and regulation
As reiterated throughout this thesis, the desiccated state of pollen poses challenges for
regulating the internal components. For proteins, this type of environment could result in
denaturing and permanent damage. In other systems that undergo desiccation, such as seeds and
yeast, phase separation of proteins can be a protection solution (Dorone et al., 2021; Munder et
al., 2016). In Chapter 4, we found that the N-terminus of pollen-specific MSL8 is predicted to be
highly disordered (Figure 4.4.1) and prone to phase separation, even more than the N-termini of
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MSL9 and MSL10 (Figures 4.4.2 and 4.4.3). Now the question remains: is this protein behavior
a useful function or does it serve no benefit? While this behavior has been found to have uses in
some instances (examples in plants include: (X. Fang et al., 2019; Ouyang et al., 2020; Powers et
al., 2019), other phase separating proteins, particularly prions in animals, are known to be
diseases (Sarnataro, 2018). This question of function vs. meaningless behavior is particularly
interesting to consider in light of the findings that overexpressed MSL8 causes cell death. Is this
propensity for phase separation just due to an overabundance of a naturally sticky protein or does
it protect the protein in a desiccated pollen grain? Could large networks of MSL8 be contributing
to the cell death? It is also interesting to consider phase separation of a membrane-bound protein.
Could phase separation affect the multimeric channel formation and, if so, would it promote or
hinder? Thus far, these questions remain unanswered. Below are some experiments that will
begin to address these questions.
Future Direction: Does MSL8 phase separation regulate the channel function during pollen
hydration?
While many large questions remain, there are some first experimental steps that can be
taken to explore if phase separation regulates MSL8 channel function. It may be possible to
carefully reduce disorder (and, in theory, the propensity to phase separate) via genetic mutations
(Cohan et al., 2019). Some characteristics that could be altered include the hydropathy, the
fraction of charged residues, and the patterning of charged residues (Das & Pappu, 2013). This
approach may be difficult to perform on the lengthy MSL8 N-terminus, but if done successfully
the next step would be to examine how these mutations alter the propensity to phase separate by
MSL8N in vitro, as was done here in Figure 4.4.3. After confirmation of the effects on phase
separation, an in vivo examination of full-length MSL8 with the mutation would indicate if loss
of disorder/phase separation might affect the protein localization and function. The desiccated
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state of the pollen grain makes in vivo observations difficult and the localization in the dry pollen
is unclear. However, MSL8-GFP is confirmed to localize to the PM in fully hydrated pollen
grains with some internal localization as well (Hamilton et al., 2015). A change in the amount or
organization of the internalized protein after altering the phase separation propensity of the
MSL8 N-terminus may indicate a change in the in vivo phase separation. Experiments here could
include the hydration assay to see if MSL8 lacking phase separation drive is still able to maintain
pollen viability.
More broadly, it would be interesting to see if the pollen proteome is enriched for
disorder like the seed proteome (Dorone et al., 2021). A high abundance of IDPs in pollen could
indicate some phase separation functionality for proteins in the desiccated state. Currently, tools
for studying dry material such as pollen are limited, but as more techniques are developed, it may
be possible to revisit the questions presented here.

5.4. Final Word
To properly grow and protect themselves, plants must be able to sense and respond to
changes in mechanical forces that occur during development and unexpectedly in the
environment. This thesis explored the role of a molecular mechanosensor, the MS channel
MSL8, in pollen grains. While many questions are left unanswered, this work adds to a growing
body of knowledge that will be crucial as we seek to understand and improve crop fertility.
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Appendix
I.

Appendix: Pollen hydration of various cell wall and ion
channel mutants

Appendix Figure 1: Hydration of fra1-5, cmu1 cmu2 cell wall mutants. FRA1 (AT5G47820) is Fragile Fiber1
Kinesin which contributes to cellulose deposition via transporting vesicles along cortical microtubules (C. Zhu et al.,
2015). Meanwhile, cellulose synthase-microtubule uncoupling (CMU) 1 (AT4G10840) and 2 (AT3G27960)
proteins guide cellulose synthase complexes along microtubules and interact with FRA1 (Ganguly et al., 2020).. The
knockout lines, fra1-5 and fra1-5 cmu1 cmu2 show reduced cell elongation, slower in vivo pollen tube growth, and a
slightly reduced seed set.
Hydration curves of WT and msl8-5 controls and three cell wall mutants (fra1-5, cmu1 cmu2, and fra1-5 cmu1
cmu2). (N = 30 grains per genotype). Hydrations were performed in 10% PEG due to the high rate of explosions of
fra1 cmu1 cmu2 pollen.
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Appendix Figure 2: Hydration of gh17b-1 mutant. Glycoside Hydrolase family 17 (AT4G26830) is involved in
callose degradation, thus the mutant gh17b-1 has excess callose (Minic & Jouanin, 2006) (unpublished). Hydration
curves of WT control and gh17b-1 mutant (N = 10 grains per genotype). Hydrations were performed in DI water.
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Appendix Figure 3: Hydration of pme48 mutants. Pectin methylesterase (PME) 48 (AT5G07410) is expressed in
dry, hydrated, and germinating pollen and it demethylesterifies homogalacturonan in the intine wall. The mutant,
pme48, shows reduced germination and a delay in imbibition (Leroux et al., 2015). Hydration curves of WT control
and two independent pme48 lines (#689 and #690) (N = 20 grains per genotype). Hydrations were performed in DI
water.
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Appendix Figure 4: Hydration of slah3 almt12 mutants. Slow anion channel homolog (SLAH) 3 (AT5G24030)
and aluminum-activated malate transporter (ALMT) 12 (AT4G17970) are both anion channels found in the pollen
tube tip (Gutermuth et al., 2013; Herbell et al., 2018). Hydration curves of WT and msl8-5 controls alongside slah3
almt12 double mutant and slah3 almt12 msl8-5 triple mutant (N = 10 grains per genotype). Hydrations were
performed in DI water.
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Appendix Figure 5: Hydration of tod1-2 mutant. TurgOr regulation Defect (TOD) 1 (AT5G46220) is a golgilocalized alkaline ceramidase expressed in pollen tubes and silique guard cells. The mutant, tod1-2, has pollen tubes
with a higher turgor pressure, as measured by incipient plasmolysis (Chen et al., 2015). Hydration curves of WT and
tod1-2 (N = 10 grains per genotype). Hydrations were performed in DI water.
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II. Appendix: Current approaches to studying plant cell
mechanobiology
Currently, there are limitations of our exploration into the mechanics of plant cells. Inference
from genetics-based studies has the drawback of redundancy with little to no information about
immediate mechanical effects as well as complicating feedback loops. Moreover, while
mechanical assays can provide us with information about the physical properties of the cell, most
mechanical assays do not have subcellular resolution. Depending on the cell type, the presence of
neighboring cells in the tissue also adds mechanical complexity and cannot be ignored. Thus,
future studies will need to use orthogonal approaches, including both direct and indirect
measurements, and as well as new tools. The use of atomic or cellular force microscopy is
becoming more common among plant cell biologists (Braybrook, 2015). Moreover, the
development of accurate biosensors, although technically challenging, offer a way to visualize
mechanical changes without perturbing the system. Lastly, many types of modeling have guided
experiments and aided our understanding of cell mechanics.
Atomic or Cellular Force Microscopy
Indentation methods are used to quantitatively determine the response of a small material,
such as a cell, to an applied force. Atomic Force Microscopy (AFM) is both an imaging and forcemeasuring technique capable of probing materials at small scales (nanometer probing radius,
nanonewton forces). These scales are highly applicable to studying small, soft animal cells
(Gautier et al., 2015). While AFM is used in plant systems, some plant mechanobiologists use
larger, stiffer probes (micrometer probing radius, micronewton forces) (Majda et al., 2019) to
better analyze typically large, stiff plant cells, in an approach commonly referred to as Cellular
Force Microscopy (CFM). Typically, a probe attached to the end of a cantilever is lowered down
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onto a sample and applies a force. The applied force and displacement of the probe is recorded
throughout the probing experiment. Knowledge of the tip shape and cantilever stiffness, can then
be used to characterize the stiffness of the sample (Braybrook, 2015; Majda, 2021; Vogler et al.,
2015, 2020). Depending on the experimental set-up, this technique can be used to determine cell
wall stiffness and turgor pressure (Vogler et al., 2020).
While the concept of using indentation for mechanical measurements is straightforward,
many technical details such as cantilever stiffness, tip geometry, indentation angle, method for
force curve interpretation, and sample preparation, quickly complicate the technique (Bidhendi &
Geitmann, 2019; Cosgrove, 2016). These complications may be to blame for the large discrepancy
in values that have been reported. Thus, it is common to refer to the value gained from an
indentation experiment as the “indentation modulus” or “apparent Young’s modulus”. The
resulting numbers are most accurately viewed only within the context of that study (i.e. the same
indenter size, geometry, stiffness, etc.), thus making only comparative conclusions.
In recent years, force microscopy has been used in a multitude of ways to answer questions
in plant cell mechanobiology. The most common use is to infer relative cell stiffness and new
approaches in sample preparation have broadened this application. For example, a vibratome was
used to access inner cell layers (Kozlova et al., 2019) and differentiated cell cultures allowed for
the examination of xylem vessels (Roumeli et al., 2020). Recently, (Läubli et al., 2021) developed
a method of rotating a pollen grain sample using acoustics so the entirety of the grain could be
probed. They also applied the technique to a nematode worm which opens the doors to using this
approach on multicellular tissues. Besides cell stiffness, AFM is commonly used as an imaging
tool to characterize the cell wall, especially cellulose orientation (Song et al., 2020; Yilmaz et al.,
2020; T. Zhang et al., 2017), which is directly related to the overall mechanics of the cell.
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Given the limitations of variation between sample preparation, some of the most powerful
studies using force microscopy are comparative stiffness measurements between mutants, different
parts of the same cell, or before and after exposure to physical and biotic/abiotic treatments. For
example, (Fabrice et al., 2018) used CFM to characterize the role of Leu-rich repeat extension
(LRX) proteins in pollen via probing lrx mutants. A study by (Wu et al., 2020) utilized AFM to
characterize the mechanical changes that occur in a seedling that touches a wall when emerging
from soil. Lastly, force microscopy can be used to simply apply a controlled force to a system and
provoke a response (Branco et al., 2017). We do note that force microscopy is commonly used on
plant tissues for characterizing fibers used in the production of biofuels. While these studies can
offer insight into the technique, we did not explore these studies here because the scientific
question is often not directly tied to the biology.
Molecular Biosensors and Reports for Measuring Mechanoresponses
While techniques like AFM/CFM offer valuable insights into cellular mechanics they are
limiting in that they require physical perturbations of the system and they are often limited to the
large, outer most parts of the cell. This problem would be solved with the use of biosensors that
respond to mechanical changes, such as an increase in membrane tension, and provide a read-out,
like a fluorescent signal. These can be encoded genetically or added exogenously. Biosensors are
non-invasive, sometimes quantitative, and they provide dynamic observation of various
mechanical properties. However, biosensors can be difficult to develop because they must have a
high level of sensitivity to the desired stimulus, while simultaneously being insensitive to other
environmental changes and not affecting the cell itself (Hilleary et al., 2018).
Recently, several biosensors have been developed for use in plant systems. Notably,
subcellular viscosity probes have been developed by (Michels et al., 2020). These probes have
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boron-dipyrromethene (BODIPY) rotors that respond to viscosity changes in the nearby
environment via increases or decreases in the fluorescence lifetime. Currently, there are four
versions of this viscosity probe that localize to different subcellular environments including the
cytosol, vacuole, plasma membrane, and cell wall. Depending on the environment being
monitored, the probe readout can mean various things (i.e. plasma membrane = lipid spacing;
cytosol = molecular crowding). Currently, these probes cannot provide a quantitative readout, but
future calibration work may remedy this limitation. Another recently developed plant-specific
biosensor is a FRET-based macromolecular crowding sensor, SENSOR EXPRESSING
DISORDERED PROTEIN 1 (SED1), which was recently described by (Cuevas-Velazquez et al.,
2021). This sensor is based on the Arabidopsis intrinsically disordered protein, LATE
EMBRYOGENESIS ABUNDANT (LEA) which changes confirmation based on the
environmental osmolarity, thus making it sensitive to subcellular crowding. So far SED1 has been
shown to work in tobacco but does not appear to work in its native environment, Arabidopsis,
although this is a future direction. Moreover, there are many biosensors that have been developed
to monitor signaling processes such as calcium (Waadt et al., 2017), H2O2 (Lew et al., 2020), and
metabolites (Garagounis et al., 2021). As mechanics are closely tied to cell physiology, these
probes likely have their place in mechanobiology.
In a pursuit of new biosensors, a good place to start is with those developed for use in
animal cells. FRET-based sensors to monitor forces on specific proteins are quite developed for
use in animal systems. Recently reviewed by (Cost et al., 2019), these sensors require a “tension
sensor module” to be attached to the protein of interest via a linker that is sensitive to mechanical
forces. Proteins that have been studied using this type of sensor include those involved in animal
cell adhesion complexes. Moreover, “Flipper probe” membrane tension sensors have also been
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developed. These probes are planarized and deplanarized based on the membrane lipid ordering,
which allows them to report the membrane tension (Straková et al., 2020). Fluorescent LIPid
Tension Reporter (FliptR) was the original (Colom et al., 2018) and recent work using HaloTags
is allowing for observation of tensions in specific membranes (Straková et al., 2020). This
biosensor has yet to be adapted in plants and it is a promising place to start; however, due to the
unique properties of the plant cell, it may be necessary for plant biologists to develop their own
biosensors for mechanical properties. Issues to overcome include high levels of autofluorescence
and blocking of exogenous biosensor uptake by the cell wall. To examine the other mechanical
properties, such as turgor pressure and cell wall stiffness, the development of more plant-specific
biosensors will be crucial.
Modeling Mechanobiology
In a complex system like a plant cell, it can be highly valuable to take a step back and piece
together how each component is interacting. Models give us the ability understand complex
interactions by integrating them and placing our observations in a proper context, such as
established physical laws. Physical processes that could be modeled include response to hyper and
hypoosmotic shock, dehiscence, desiccation, cell growth/expansion, and mechanical perturbations
by pathogens. One limitation of modeling is the availability of accurate parameter values or data
sets with which to compare the model output. These parameters can range from simple
measurements, like cell length or to more nuanced values, like cellulose microfibril angle.
Advances in measurement techniques, like the force microscopy discussed above, will reduce this
limitation. Moreover, the process of modeling requires making simplified assumptions to limit
excess parameterization and allow for solving, so it is important to consider the limitations of a
model before drawing conclusions. However, if done properly, this process allows us to perform
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an unbiased test on our understanding of interactions within the system, guide future
experimentation, and make predictions that may otherwise be unobtainable due to physical or time
limitations. Models can be either simply mathematical, such as ordinary differential equations, or
computational, such as finite element modeling. Computational modeling has gained popularity in
recent years as it allows for more complex cell shapes to be examined with less approximations
(Woolfenden et al., 2018). It is worth noting that this type of modeling has been used heavily in
the field of organ morphogenesis. We suggest readers refer to a recent review by (M. Zhu &
Roeder, 2020) which covers the expanding area of morphogenesis research.
Mathematical modeling is not a new approach, but recent applications have developed all
new insights into mechanobiology. For example, the behavior of pollen tube growth has been
explored mathematically where it was speculated that the growth behavior is oscillates spatially
rather than temporally (Hemelryck et al., 2018). By applying a model of bi-spatial oscillation, the
authors were able to predict the observed pollen tube growth patterns. Another related model of
pollen tube growth behavior involved simulating the oscillating distributions of ROP1 Rho
GTPase and calcium (Tian et al., 2020). A reaction-diffusion model was used to predict the
distribution of these signaling molecules which contribute to controlling the cell wall mechanics.
Moreover, the mechanics of cells that reside within tissues, like guard cells, have been modeled
using computational approaches. (Woolfenden et al., 2017) used a finite element model to describe
stomata opening, testing the relationship between strain stiffening of the cell wall and turgor
pressure. Most recently, (Chakraborty et al., 2021) developed a model to test assumptions about
the influence of cellulose orientation on twisted growth phenotypes. By modeling the cell wall
material as a viscous fluid with fiber reinforcements, they were able to replicate twisted cell growth
via modification of the fiber angle. Since twisted growth is seen at the organ-level, a model like
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this could be built upon for large-scale simulations. The future of modeling in plant biomechanics
will require plant biologists to collaborate closely with engineers, physicists, material scientists,
and mathematicians.
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